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Title of Dissertation: The Claustrum: from Top to Bottom 
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Dissertation Directed by: Brian Mathur, PhD, Assistant Professor, Department of         

Pharmacology 

Despite much speculation, the function of the claustrum, a thin telencephalic brain 

nucleus, remains largely unknown. The claustrum is reciprocally connected with seemingly the 

entire cortical mantle, which motivates hypotheses of claustrum function that include multi-

sensory integration and top-down/bottom-up attention. In order to discriminate these hypotheses, 

we examined the claustrum at multiple levels of analysis in rodents. We find that the claustrum is 

well-connected with executive areas of cortex, such as anterior cingulate cortex (ACC), and 

highly responsive to stimulation of ACC inputs in acute brain slices. In contrast, claustrum 

exhibits less connectivity with and responsivity to inputs from hierarchically lower cortices. 

Using in vivo circuit monitoring and manipulation, we find that ACC inputs to claustrum and 

claustrum projection neurons mediate top-down cognitive control relative to other basic brain 

functions, such as motor control and stimulus-response action strategy. Consistent with a role in 

cognitive control, claustrum neurons projecting to visual cortices and parietal association cortex 

faithfully propagate ACC input, and claustrum afferents provide strong excitatory drive across 

cortical layers. To understand how claustrum processes top-down input, we identified claustrum 

neuron subtypes using membrane properties and examined claustrum microcircuit responsivity to 

ACC input. We find that one of two claustrum projection neuron subtypes preferentially burst 

fires in response to ACC input, that the two subtypes differentially target cortex, and that 

recruitment of inhibitory microcircuits constrains claustrum output. These findings support a 

model wherein claustrum mediates synchronization of cortices for cognitive control.  
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Preface 

 At the annual Society for Neuroscience meeting, I recall my mentor, Brian, 

proclaiming matter-of-factly, “He’s got the bug,” regarding another researcher’s recent 

interest in claustrum.   

“The bug?” I said.  

“Yeah, claustrum pops up when people look at connections with different cortical 

areas, and they think, ‘What’s that thing?’ They find out it’s claustrum from an atlas, read 

up on it, and then they’re hooked. It’s like catching a bug.” 

 I nodded and recalled my own experience getting “the bug” during my laboratory 

rotation with Brian, who’s had it himself for around a decade now. I remember Brian 

explaining how claustrum, embedded within insular cortex, has dense connections with 

anterior cingulate cortex (ACC). I was intrigued: ACC-insula functional connectivity was 

taken as fact in the neuroimaging world, which I had been immersed in since I was an 

undergraduate. Could that functional connectivity actually be between ACC and 

claustrum not insula? That would be a big deal. At this point, “the bug” was taking hold, 

and since then it hasn’t shown any signs of letting go.  

Since I caught “the bug,” I hear of more and more researchers each year taking 

interest in claustrum. Reflecting on this growing interest, I think that it epitomizes why 

neuroscience is considered the final frontier of biology. Here’s a large brain structure 

found in all mammals that has no known function, yet it’s one of, if not the most 

connected area of the brain per unit volume. Unfortunately, the field has been plagued by 

unambiguous definitions of where claustrum resides in the brain, a lack of appreciation 

for any pattern of cortical connectivity, and traditional tools are ill-equipped to study the 
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claustrum due of its unusual anatomy. Now, clear definitions of the claustrum’s borders 

and modern neuroscience tools, such as optogenetics and circuit monitoring, grant access 

to the claustrum in unprecedented ways. The goal of this thesis has been to first discern a 

pattern of connectivity between claustrum and cortex, for instance is there a relationship 

between cortical hierarchy and connectivity with claustrum? Once armed with an 

anatomical framework to examine claustrum, the second goal is to leverage modern 

neuroscience techniques to unlock the secrets of a brain structure, and in so doing provide 

novel insight into brain function as a whole.  
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Chapter I – Introduction 

  

The purpose of this introduction is to outline the state of the claustrum field, 

including the emerging consensus regarding claustrum nomenclature and borders, 

knowledge of claustrum neuron types, the extensive neuronal tract tracing work showing 

claustrum connections with cortex, claustrum neuron responses to external stimuli, and 

existing functional hypotheses. Examining these aspects of claustrum reveals a clear 

trend: claustrum studies traditionally are almost exclusively characterization. The reason 

for this trend is that the peculiar anatomy of claustrum, unfortunately, renders many 

traditional techniques to assess function of a brain nucleus infeasible. Another trend in 

the field is that functional hypotheses are abundant, rely heavily on tract tracing data, and 

are seemingly unrelated to each other. This fact illustrates a pitfall for the field arising 

from claustrum’s widespread connectivity: that a role for claustrum can be imagined in 

many different neural processes. With this pitfall in mind, this dissertation seeks to 

determine a pattern of connectivity between claustrum and cortex through a 

comprehensive examination of claustrocortical connections in rodent. We next leverage 

the preferential connectivity we observe between claustrum and executive areas of the 

brain to test the hypothesis that claustrum mediates top-down cognitive control using 

modern neuroscience techniques. 

 

A. Anatomy 

Nomenclature and boundaries 
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Historically, studies of claustrum used inconsistent nomenclature and definitions 

of the boundaries of the structure, particularly in the rodent (Mathur, 2014). 

Nomenclature inconsistencies primarily stemmed from use of the term dorsal claustrum 

(Baizer et al., 2014; Brodmann, 1909) instead of the more commonly used claustrum, as 

well as the use of the term ventral claustrum (Baizer et al., 2014; Druga, 1966; Druga et 

al., 1990) instead of the more commonly used endopiriform nucleus (Loo, 1931; Mathur, 

2014). Modern atlases (Paxinos and Watson, 2007; Allen Brain Atlas, http://mouse.brain-

map.org/static/atlas and studies) and much of the extant literature (Bayer and Altman, 

1991; Behan and Haberly, 1999; Goll et al., 2015; Kitanishi and Matsuo, 2017; Mathur, 

2014; Wang et al., 2017; Watson et al., 2017) favor the claustrum/endopiriform nucleus 

nomenclature, to which this dissertation will also ascribe. However, some investigators 

still ascribe to a dorsal/ventral claustrum terminology (Baizer et al., 2014). To further 

confuse the claustrum/endopiriform distinction, recent work from Watson et al.  (2017) 

argues that the endopiriform nucleus and claustrum should be considered a unitary 

complex. However, momentum for this stance does not appear to be gathering in the 

field.   

The claustrum is a thin sheet of gray matter that extends rostrocaudally 

approximately the length of the striatum. Historically, the borders of claustrum are 

defined as the gray matter structure embedded within the external and extreme capsules 

in primates. In rodents, which lack an extreme capsule, the traditional medial boundary of 

claustrum is the external capsule and the lateral boundary is insular cortex. Recently, 

Mathur et al. (2009) challenged these boundaries of claustrum using claustrum- and 
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insula-specific protein markers, G protein gamma 2 subunit (Gng2) and crystallin mu 

(Crym) respectively. Their work demonstrates that claustrum is embedded within deep 

layers of insular cortex. Gng2 expression in human claustrum and insula (Pirone et al., 

2012) further supports the intermingling of the two structures but concurrent examination 

of a deep-layer insular cortex is necessary to validate intermingling in humans. Mathur et 

al. (2009) also dispute the traditional rostrocaudal extent of the rodent claustrum. Paxinos 

and Watson (2007), which do not cite a primary literature source, extend the claustrum 

beyond the rostral tip of the striatum and ventral to the forceps minor. Mathur et al. 

(2009) instead show that the claustrum specific marker Gng2 and isomorphic staining for 

parvalbumin (PV) do not extend beyond the rostral extent of the striatum but Crym 

staining does. As such, claustrum borders that include portions ventral to the forceps 

minor, as depicted in Paxinos and Watson (2007) are now called into question (Mathur, 

2014; Mathur et al., 2009).  

Though present in likely all mammals, an interesting feature of claustrum 

anatomy is that different species show unique enlargements in distinct regions of 

claustrum (Johnson et al., 2014). For instance, in cats, dorsal areas of claustrum are 

noticeably larger (Figure 1.1A; Johnson et al., 2014; LeVay and Sherk, 1981a, 1981b; 

Olson and Graybiel, 1980) but in primates ventral aspects of claustrum are relatively 

larger (Figure 1.1B; Johnson et al., 2014). In rodents, anterior portions of claustrum are 

larger but the size is relatively uniform along the dorsal-ventral axis (Mathur, 2014). 

Another interesting observation across mammalian species is that claustrum volume 

increases in more encephalized species were much smaller than the increases in cortical  
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Figure 1.1: Claustra of cat and monkey exhibit enlargements in dorsal or ventral 

regions of claustrum, respectively. (A) Nissl stain of a coronal section from cat (Felis 

catus) illustrating enlarged dorsal aspects of claustrum (outlined green). (B) Nissl stain of 

a coronal section from monkey (Mucaca mulatta) illustrating enlarged ventral aspects of 

claustrum (outlined red). Images adapted from http:/brainmaps.org. 
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volume (Kowiański et al., 1999). Despite this fact, claustrum size may have some 

relationship with cortical processing. For instance, cats and primates rely heavily on 

visual processing, and claustrum neurons in the relatively enlarged areas of these species 

selectively respond to visual stimuli (Olson and Graybiel, 1980; Remedios et al., 2010; 

Sherk and LeVay, 1981).  

 

B. Claustrum cell types 

Claustrum neuron morphology 

 Investigations into claustrum neuron morphology reveal two principal types of 

claustrum neurons: spiny projection neurons and aspiny interneurons. Using neuronal 

morphology and calcium binding protein expression, one can further subdivide these 

main classifications. However, care must be taken in interpreting these studies due to the 

above described intermingling of claustrum and insular cortex, which have a unique 

connectivity profile. Brand (1981) observed in the primate that the claustrum contains 

projection neurons with dendritic processes densely-covered in spines, which are the 

predominant cell type. Interestingly, Brand (1981) observed that the axons of these 

neurons collateralize, with some remaining in claustrum and others projecting out via the 

external and extreme capsules. Brand (1981) observed two interneuron subtypes: one 

with numerous beaded and radiating dendrites, the second with sparse dendrites. 

Hedgehog (Dinopoulos et al., 1992) and cat (LeVay and Sherk, 1981a) show similar 

morphological classifications. For instance, LeVay and Sherk (1981a) also observed 
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principal spiny projection neurons with intra- and extra-claustrum collateralizations, as 

well as aspiny interneurons with beaded dendrites. They did not describe other subtypes 

of interneurons.  

The morphological finding that claustrum neurons are spiny projection neurons 

may lead to the conclusion that claustrum neurons are in fact pyramidal. However, work 

from Watakabe and colleagues (2014) demonstrated that the morphology of claustrum 

spiny neurons is distinct from neighboring cortical pyramidal neurons. In particular, the 

authors showed that the dendrites of claustrum projection neurons radiate in all 

directions, remain within the boundaries of the claustrum, and do not possess an apical 

dendrite oriented towards the pial surface as do pyramidal neurons in insular cortex. 

Thus, claustrum neurons are not arranged into laminae as in cortex. This arrangement is 

similar to that of the basolateral amygdala, which also originates from the lateral pallium 

during development (Puelles et al., 2000). Work from Hur and Zaborszky (2005) 

suggests that the rat claustrum could be distinguished from neighboring cortex based on 

the presence of the vesicular glutamate transporter (Vglut) 2 in claustrum and Vglut1 in 

cortex. However, this finding does not comport with Watakabe et al. (2014), who 

detected primarily Vglut1 in the mouse and monkey claustrum, which was isomorphic 

with Nurr1, another molecular marker for claustrum projection neurons. However, this 

finding is not yet corroborated in rat. 

 

Claustrum interneuron expression of calcium-binding proteins and neuropeptides  
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A host of studies examined the expression of calcium-binding proteins, which as 

described above identify claustrum borders, and neuropeptides in the interneurons of 

claustrum. Regarding calcium-binding proteins, work from Real and colleagues (2003) in 

the mouse investigated the immunoreactivity of calbindin, calretinin, and PV in 

claustrum. Calretinin shows sparse immunoreactivity, whereas calbindin and PV are 

more strongly expressed. Calbindin and PV are mostly not co-localized, suggesting these 

markers delineate distinct claustrum interneurons. Rabbit (Wójcik et al., 2004) and cat 

(Rahman and Baizer, 2007) also exhibit this profile of dense PV and calbindin expression 

in claustrum relative to calretinin. The calcium-binding protein expression in the cat does 

not colocalize with the glutamate transporter, EAAC1, consistent with an interneuron 

identity. In primates, including macaque, chimpanzee, and human, calretinin and PV 

expression is apparent (Hinova-Palova et al., 2014; Pirone et al., 2014). In the dolphin, 

the claustrum is strongly immunoreactive for calretinin, weakly immunoreactive for 

calbindin, and not immunoreactive for PV (Cozzi et al., 2014). This pattern strongly 

contrasts to other mammals and may indicate a divergence in claustrum structure and/or 

function in cetacea. 

Regarding, neuropeptides, Eiden et al. (1990) demonstrated that interneurons in 

rat claustrum express the neuropeptides somatostatin (SOM), cholecystokinin (CCK), and 

vasoactive intestinal polypeptide (VIP). In a study from Pirone and colleagues (2014), the 

investigators examined expression of the neuropeptides neuropeptide-Y (NPY) and SOM 

in claustra of human, chimpanzee and macaque. These proteins are expressed in the 

claustra of all species, with SOM noticeably absent in the chimpanzee. Kowiański et al. 
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(2009) examined overlapping expression of the neuropeptides NPY, SOM and VIP with 

the calcium-binding proteins calbindin, calretinin and PV. They observed colocalization 

between NPY and the three calcium binding proteins, between SOM and calbindin, and 

between VIP and calretinin. However, the degree of overlap varied greatly with VIP and 

calretinin showing a high degree of colocalization (51%); a smaller degree of overlap was 

observed between NPY and calbindin (32%), as well as for SOM and calbindin (31%); 

and the least overlap was observed between NPY and calretinin (9.5%), as well as 

between NPY and PV (9%). Taken together, these findings suggest that PV interneurons 

represent a unique subpopulation of interneurons with as yet unknown peptidergic 

identity. In contrast, calbindin-positive interneurons appear largely to be either NPY or 

SOM peptidergic interneurons and the sparse calretinin-positive interneurons appear 

largely to be VIP interneurons. Moreover, the claustrum neuron morphology and 

immunoreactivity findings further illustrate similarities between basolateral amygdala 

and claustrum: both structures contain primarily glutamatergic neurons, neither structure 

is laminar, and both structures contain similar intermingled interneuron populations (Sah 

et al., 2003; Spampanato et al., 2011).  

 

C. Connectivity 

Patterns of cortical connectivity  

 A plethora of tracing studies across several species examined the connectivity of 

claustrum, particularly with cortex. In general, investigators observed reciprocal 
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connectivity with claustrum and essentially any cortical area they investigated, which is 

true in cat (Adinolfi and Levine, 1986; Irvine and Brugge, 1980; LeVay and Sherk, 

1981a; Macchi et al., 1981, 1983; Olson and Graybiel, 1980; Sanides and Buchholtz, 

1979; Shameem et al., 1984), monkey (Baizer et al., 1997; Druga et al., 1990; Pearson et 

al., 1982; Reser et al., 2014), and rat (Alloway et al., 2009; Carey and Neal, 1985; 

Sadowski et al., 1997; Sloniewski et al., 1986; Smith and Alloway, 2010). In humans, 

Torgerson et al. (2015) examined claustrum connectivity using diffusion tensor imaging 

(DTI). Consistent with the tract tracing data in other species, the authors observed 

widespread connectivity between claustrum and cortex, and they noted that the claustrum 

is the most highly connected structure per unit volume. Although informative, the DTI 

technique does not discern directionality, and white matter structures surrounding 

claustrum may confound these results. 

 Several comprehensive reviews discuss claustrum connectivity in great detail and 

discern some patterns (Crick and Koch, 2005; Goll et al., 2015; Mathur, 2014). For 

instance, retrograde tracer deposits into most cortical areas labels cells clustered in 

relatively discrete zones of the claustrum across species (LeVay and Sherk, 1981a; Li et 

al., 1986; Mufson and Mesulam, 1982; Olson and Graybiel, 1980; Pearson et al., 1982; 

Sadowski et al., 1997; Sherk, 1986; Tanné-Gariépy et al., 2002). In addition, a specific 

pattern of laterality of claustrum connections is apparent in the rat: cortical inputs are 

bilateral but stronger to the contralateral claustrum and claustrum projections primarily, 

but not exclusively, target ipsilateral cortex (Colechio and Alloway, 2009; Li et al., 1986; 

Norita, 1977; Olson and Graybiel, 1980; Smith and Alloway, 2010; Smith et al., 2012; 
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Squatrito et al., 1980). This pattern, however, is yet to be substantiated in primates. A 

limitation of most claustrum tract tracing studies is that investigators typically examined 

only a small number of cortical sites, limiting the ability of the field to compare 

connectivity with claustrum across different sensory cortices or across the cortical 

hierarchy. 

  Recently, two groups performed a more comprehensive examination of claustrum 

connectivity with cortex in mouse. These groups used modern viral tracing techniques 

(Atlan et al., 2017; Wang et al., 2017), including transgenic lines expressing cre 

recombinase in claustrum and cre-dependent viral vectors (Wang et al., 2017). Viral 

tracing from Wang and colleagues (2017) supports the historic observation that the 

claustrum possesses widespread connectivity with cortex. However, the authors found 

denser ipsilateral inputs to claustrum from “prelimbic, infralimbic, medial, ventrolateral 

and lateral orbital, ventral retrosplenial, dorsal and posterior agranular insular, visceral, 

temporal association, dorsal and ventral auditory, ectorhinal, perirhinal, lateral entorhinal, 

and anteromedial, posteromedial, lateroposterior, laterointermediate, and postrhinal 

visual areas.” This finding contradicts the studies that used traditional tracing methods 

and found stronger contralateral inputs to claustrum from cortex. Although the 

comprehensive examination of claustrum connectivity in this study must be lauded, 

caution should be exercised interpreting the results from this study. A primary concern is 

that Wang and colleagues (2017) used automated registration of sections to a template 

and the claustrum borders in the template was defined based on expression from several 

transgenic cre lines that show expression of cre in the endopiriform nucleus as well as the 
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claustrum. This may explain the laterality discrepancy because many of the cortices noted 

to have strong ipsilateral inputs to claustrum are known to be connected with the 

endopiriform nucleus, including entorhinal, insular, orbital, and perirhinal cortices 

(Behan and Haberly, 1999). Lending credence to this argument, Wang et al. (2017) noted 

that cingulate cortex shows the historically demonstrated laterality pattern of denser 

contralateral inputs to claustrum, which is known to have specific connectivity with 

claustrum (Smith and Alloway, 2010; Smith et al., 2012). The contradictory findings 

underscore the necessity of using unambiguous markers for studies of claustrum (Mathur, 

2014; Mathur et al., 2009).  

 

Layer-specificity of claustrum efferents and afferents 

 A handful of studies examined the source layer of cortical inputs to claustrum and 

the layers of cortex that claustrum targets. LeVay and Sherk (1981a) examined the layer-

specificity of inputs to the cat claustrum, particularly the enlarged dorsal region, from 

cortex. Using horseradish peroxidase (HRP) injection into claustrum, LeVay and Sherk 

(1981a) observed projections arising from layer VI of visual cortices projecting to 

claustrum, which were distinct from those neurons projecting to the lateral geniculate 

nucleus (LGN). In contrast, Smith and Alloway (2010) found that injections of the 

retrograde tracer Fluoro-Gold primarily labeled neurons in layer V of cingulate cortex. 

Notably, Smith and Alloway (2010) observed that retrograde labeling was restricted to 

cingulate, motor, and other frontal areas; whereas other cortices, including somatosensory 
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and visual cortices did not show retrograde labeling. These discrepancies may arise from 

species differences between the cat and the rat, particularly given the exaggerated dorsal 

claustrum of the cat (Johnson et al., 2014; LeVay and Sherk, 1981a; Olson and Graybiel, 

1980; Sherk and LeVay, 1981). Alternatively, Smith and Alloway (2010) may have 

simply targeted a subzone of claustrum that was not connected with visual cortex. 

 

Subcortical connections with claustrum 

 Although existing tracing studies provide insight into claustrum connectivity with 

cortex, subcortical connections with claustrum are poorly understood. Projections from 

claustrum to mediodorsal thalamus were reported in the hedgehog (Dinopoulos et al., 

1992) and monkey (Erickson et al., 2004), as well as to the lateral hypothalamus in the rat 

(Yoshida et al., 2006). However, Mathur et al. (2009) disputed these connections, as 

immunohistochemical markers of claustrum do not co-localize with projections to 

mediodorsal thalamus or lateral hypothalamus in the rat. More likely, the previously 

reported projections from claustrum to mediodorsal thalamus and hypothalamus originate 

from insular cortex (Mathur et al., 2009). However, tracing studies using 

immunohistochemical markers for claustrum in primates are necessary to validate this 

concept. 

 Claustrum inputs from subcortical areas likely include serotonergic inputs from 

the dorsal raphe nucleus, as reported in the monkey (Baizer, 2001) and more recently in 

the rat (Gagnon and Parent, 2014). The axons arising from the dorsal raphe nucleus in rat 
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may also provide excitatory input, as these afferents co-express Vglut3 (Gagnon and 

Parent, 2014). The abundance of expression of various serotonin receptors in rat 

claustrum (Pompeiano et al., 1994; Wright et al., 1995) further supports the tracing data. 

Another subcortical input to the claustrum may arise from rostral intralaminar nuclei of 

the thalamus and medial thalamus, including the nucleus reuniens (Vertes et al., 2006), 

rhomboid nucleus (Vertes et al., 2006), central lateral (Van der Werf et al., 2002), 

paracentral (Van der Werf et al., 2002) and central medial nuclei (Vertes et al., 2012; Van 

der Werf et al., 2002). However, these reported connections with thalamus need 

corroboration using specific immunohistochemical markers of the claustrum.    

 

D. Claustrum responses to external stimuli 

Relatively little work exists measuring claustrum neuron activity in vivo. The few 

studies that do exist were primarily performed in the cat (Olson and Graybiel, 1980; 

Segundo and Machne, 1956; Sherk and LeVay, 1981; Spector et al., 1974), and a more 

recent study was performed in monkey (Remedios et al., 2010). Generally, these studies 

entailed measuring claustrum responses evoked by various stimuli. A common finding 

noted from these studies was the relatively minimal baseline activity and enhancements 

in activity in response to various stimuli, including somatosensory (Olson and Graybiel, 

1980; Segundo and Machne, 1956; Spector et al., 1974), auditory (Olson and Graybiel, 

1980; Remedios et al., 2010; Spector et al., 1974), and visual stimuli (Olson and 

Graybiel, 1980; Remedios et al., 2010; Sherk and LeVay, 1981; Spector et al., 1974).  
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Response latencies to stimuli were observed on the order of tens of milliseconds 

(Remedios et al., 2010; Spector et al., 1974), leading to the interpretation that claustrum 

receives information from ascending sensory pathways or from primary cortices. These 

findings raise the interesting question: what would be the source for the ascending 

sensory information? Olson and Graybiel (1980) argued against the presence of 

connections between claustrum and thalamus in the cat, and Mathur et al. (2009) 

concluded that reported connections between claustrum and mediodorsal thalamus were 

likely in fact between insula and mediodorsal thalamus in the rodent. One source may be 

through the rostral intralaminar nuclei of the thalamus. These nuclei, which project to 

claustrum (Vertes et al., 2006, 2012; Van der Werf et al., 2002), receive input from the 

superior colliculus, brainstem nuclei, and even direct input from the retina in the 

marmoset (Cavalcante et al., 2005). Rostral intralaminar nuclei show rapid responses to 

visual stimuli in the monkey (Wyder et al., 2003) that may precede the onset of claustrum 

responses.  This supports the concept that the rostral intralaminar nuclei may provide 

ascending sensory information to the claustrum. 

The presence of multimodal responses in claustrum differs across studies. Early 

studies in the cat showed large proportions of neurons exhibiting multimodal responses 

(Segundo and Machne, 1956; Spector et al., 1974), whereas later studies in the cat (Olson 

and Graybiel, 1980; Sherk and LeVay, 1981) and a recent study in the monkey showed 

primarily unimodal responses (Remedios et al., 2010). A positron emission tomography 

study in humans found increased activation specific to claustrum/insula during a task in 

which subjects had to match tactile and visual information relative to tactile-tactile and 
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visual-visual matching (Hadjikhani and Roland, 1998). Enhanced activation of claustrum 

was also found during cross-modal processing more recently using fMRI (Vohn et al., 

2007). These human studies support multimodal processing in the claustrum with the 

caveats that the claustrum is thinner than the spatial resolution of these imaging methods 

and there is no non-arbitrary definition of claustrum in humans. 

Studies that found unimodal responses in claustrum describe discrete zones of 

claustrum responsive to a given modality (Olson and Graybiel, 1980; Remedios et al., 

2010; Sherk and LeVay, 1981). Further supporting a topographical organization of 

claustrum, evidence exists for retinotopy (Olson and Graybiel, 1980; Sherk and LeVay, 

1981) and somatotopic maps (Olson and Graybiel, 1980) in the claustrum, although 

evidence for the latter is controversial (Spector et al., 1974). Claustrum neurons do not 

generally exhibit ocular dominance and are not generally tuned for movement direction 

or velocity (Sherk and LeVay, 1981). The long receptive fields as well as non-selectivity 

to left or right eye and movement led Sherk and LeVay (1981)  to conclude that the 

claustrum receives visual input from a large extent of cortex. Remedios and colleagues 

(2010) further differentiated claustrum and cortical neuron responses to external stimuli 

by observing that claustrum responses were relatively transient and did not persist for the 

duration of the stimulus as they do in cortex. Unlike previous studies, Remedios et al. 

(2010) used highly salient, complex stimuli, including vocalizations and scenes of 

conspecifics.   

 

E. Functional hypotheses 
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Proximity to white matter tracts and insular cortex greatly hinder traditional 

methods to interrogate claustrum function. However, the striking connectivity of 

claustrum with cortex and the few studies examining claustrum responses to sensory 

stimuli inspire many hypotheses regarding claustrum function. Early hypotheses were 

developed based on studies performed in the cat. For instance, a hypothesis espoused by 

Spector and colleagues (1974) states that the claustrum may be differentiating complex 

stimuli, particularly somatic and auditory stimuli. This hypothesis primarily relies on the 

presence of large numbers of claustrum neurons responding to somatosensory and 

auditory information, the large number of neurons showing multimodal responses, and a 

lack of somatotopy. In 1980, Olson and Graybiel found evidence for retinotopic and 

somatotopic maps in cat claustrum, as well as discrete zones of claustrum responsive to 

somatosensory or visual stimuli. Thus, they posited that these zones of claustrum 

communicate reciprocally with a single cortical area and act as satellite processors for 

cortex. In addition, Olson and Graybiel (1980) contrasted claustrum from primary 

thalamic structures based on the existing evidence that claustrum does not receive 

ascending sensory information. These early hypotheses from Spector et al., (1974) and 

Olson and Graybiel (1980), though vague, ascribe a general perceptual function to 

claustrum. 

In 2005, Crick and Koch outlined a more precise role for claustrum in perception. 

In particular, their provocative hypothesis states that claustrum is the peak of the neural 

processing hierarchy and binds sensory information to support the formation of conscious 

percepts. This hypothesis is related to an earlier hypothesis by Ettlinger and Wilson 
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(1990) that suggests the claustrum is a locus for cross-modal transfer. The Crick and 

Koch model suggests that claustrum neurons are in fact multimodal, contradicting the 

work of Olson and Graybiel (1980) and Sherk and LeVay (1981). However, this 

hypothesis is consistent with the findings of Segundo and Machne (1956), Spector et al. 

(1974), as well as Hadjikhani and Roland (1998), who all demonstrate evidence of 

multimodal responses in cat/human claustrum. Crick and Koch (2005) likened the 

claustrum to the conductor of an orchestra coordinating different cortices, which are 

analogous to the individual players in the orchestra. Elaborating on this hypothesis, 

Smythies and colleagues (2012) put forth the hypothesis that “claustrum functions as a 

synchrony detector, and modulator and integrator of synchronized oscillations.” In other 

words, the claustrum functions as “the brain’s war room,” coordinating the various 

individual cortices, which are analogous to individual military units or divisions. This 

hypothesis is largely similar to that of Crick and Koch (2005) but advances the 

hypothesis in a couple of ways. First, Smythies et al. (2012), unlike Crick and Koch 

(2005), posited that higher order cortices are responsible for binding of some features, for 

instance color and shape, whereas the claustrum provides binding of the object into a 

region of space. In addition, Smythies et al. (2012) proposed that claustrum receives and 

integrates incoming oscillations from different cortices and subsequently synchronizes 

the oscillations across the cortex. The authors attempted to reconcile the seeming 

contradictory findings of Remedios et al. (2010), saying that despite the evidence of 

discrete zones of claustrum that binding occurs “inside the claustrum.” Although not 

elaborated upon, this may be a reference to intraclaustrum connectivity and flow of 
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information proposed by Crick and Koch (2005). However, if sensory information from 

individual modalities is propagated throughout claustrum via intraclaustrum connectivity, 

than multimodal neurons should exist in claustrum. 

The unimodal responses in claustrum observed by Remedios et al. (2010) in 

monkey, which contradicted the predictions of Crick and Koch (2005), motivated their 

development of a novel hypothesis. In particular, Remedios et al. (2010) argued that the 

transient responses they observed to vocalizations and images of conspecifics suggest 

that the claustrum functions as a salience detector. Tract tracing from Reser and 

colleagues (2014) in monkeys also led to the development of a new functional 

hypothesis. Reser et al. (2014) demonstrated that discrete areas of prefrontal cortex 

receive input from the same region of claustrum. Because the prefrontal areas include 

those in the “salience network” and others that are not, Reser and colleagues (2014) 

postulate that claustrum may mediate “switching” between engagement and 

disengagement of a cognitive task.   

Tract tracing data from Smith and colleagues (2010, 2012) in rat also contradicted 

the binding hypothesis of Crick and Koch (2005) and gave rise to another new functional 

hypothesis. In particular, Smith and colleagues (2010, 2012) found dense reciprocal 

connectivity with cortices implicated in rhythmic whisking, claustrum projections to 

sensory cortices, but very few inputs from sensory cortices to claustrum. Smith and 

Alloway (2010) proposed that the claustrum “could reinforce the bilateral symmetry 

whisker movements or, alternatively, decouple the whisker movements in response to 

head movements or other sensory inputs.” Therefore, the suggestion is that the claustrum 
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may play a critical role in the perception of the environment due to the importance of 

whisking in this regard. This hypothesis is unique from the earlier hypotheses of Olson 

and Graybiel (1980) and Spector et al. (1974) because in this case the perception of the 

environment is dependent on action (whisking) and not receiving sensory information 

from cortex.   

Other modern hypotheses divert from the hypotheses of Smythies et al. (2012) 

and Crick and Koch (2005) and ascribe a role for claustrum in attention. For instance, 

Mathur (2014) proposes that the claustrum is not mediating binding, and thus not at the 

peak of the neural processing hierarchy, but acts as a “saliency filter for cortico-cortico 

communication” and mediates attentional processing. In this model, the claustrum 

receives bottom-up saliency signals from sensory/motor cortices and then propagates 

filtered saliency signals to executive cortices, particularly cingulate cortices. In addition, 

top-down saliency signals initiated by executive cortices claustrum are filtered and 

relayed through claustrum to sensory/motor cortices to enhance processing of particular 

sensory modalities. The filtering aspect of this hypothesis of claustrum function is 

supported by Remedios et al. (2010), who showed that claustrum neurons seldom fire in 

the absence of salient stimuli. Mathur (2014) proposes that the five-choice serial reaction 

time task (5CSRTT), a well-validated attention paradigm for rodents, is an effective 

behavioral paradigm to assay claustrum function. A year later, Goll and colleagues 

(2015) proposed a hypothesis of claustrum function that largely concurred and elaborated 

upon the Mathur (2014) hypothesis. Again relying heavily on Remedios et al. (2010) 

functional data, Goll et al. (2015) propose that the claustrum mediates the allocation of 
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cortical processing to salient stimuli, i.e. attention. Goll et al. (2015) further propose that 

claustrum afferents innervating cortex silence cortical activity and thus reduce processing 

of irrelevant sensory information. In this way, the claustrum acts as the “attentional 

searchlight,” a term Crick (1984) coined based on the attentional hypothesis espoused by 

Treisman and Gelade (1980). Thus, the claustrum enhances activity of cortices that 

process a salient stimulus of a given modality and simultaneously reducing activity of 

cortices that process other modalities. Such a function is proposed for the thalamic 

reticular nucleus (TRN; Crick, 1984) and recently supported experimentally in rodents 

(Wimmer et al., 2015). Goll et al. (2015) posit that the claustrum is indeed similar to the 

TRN but that it is not positioned to inhibit ascending sensory information bound for 

cortex like the TRN; as such, the claustrum only prevents a representation from leaving a 

cortical area. However, this concept seems somewhat inconsistent with their model of 

claustrum inhibition of cortices, because claustrum inhibition would also necessarily 

prevent a representation from forming. 

 

F. Specific Aims 

 There are several observations to take away from a survey of the claustrum 

literature: 1) patterns of connectivity with cortex are still unclear and a comprehensive 

examination of claustrum connectivity with cortex using unambiguous definitions of 

claustrum borders is sorely needed; 2) many hypotheses abound regarding claustrum 

function but studies using causal manipulations to test any of them are absent; 3) the 
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directional flow of information from and to cortex through claustrum and claustrum 

processing mechanisms are unknown. Addressing these three gaps in our knowledge is 

essential to advance, refine, or retire the multitude of claustrum functional hypotheses.  

To address the first gap in our knowledge, this dissertation begins with the following 

specific aim without an a priori hypothesis:  

1. Determine a pattern of connectivity between claustrum and cortex using an 

unambiguous definition of claustrum to inform a testable hypothesis 

(Chapter II). 

The results of these experiments (see Chapter II) and previous tracing studies 

(Smith and Alloway, 2010; Smith et al., 2012; Wang et al., 2017) lead to the formation of 

a testable hypothesis for the remaining specific aims: claustrum processes and relays 

information arising from frontal executive cortices to mediate top-down cognitive control 

of action. I ascribe to Braver's (2012) operational definition of cognitive control: “the 

ability to regulate, coordinate, and sequence thoughts and actions in accordance with 

internally maintained behavioral goals.” A well-known model for top-down cognitive 

control, specifically top-down control of attentional processing, posits that frontal 

cortices bias sensory representations in posterior sensory and association cortices to 

mediate this function (Kastner and Ungerleider, 2000). Claustrum macrocircuitry 

provides the necessary link between frontal and posterior cortices to mediate such top-

down control, and the claustrum thus may provide critical processing of frontal input 

destined for posterior cortices.  
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Development of this hypothesis provides a framework with which to select 

behaviors for in vivo circuit monitoring and circuit manipulation that address the second 

gap in our knowledge. The five-choice serial reaction time task (5CSRTT) is a suitable 

behavior because it is a well-validated behavioral task in rodents; requires frontal 

cortices, such as anterior cingulate cortex (ACC; Dalley et al., 2004; Muir et al., 1996; 

Passetti et al., 2002); and ACC encoding of the task is consistent with a top-down control 

function (Totah et al., 2009). As such, we use this task to address the second aim: 

2. Determine if frontal inputs to the claustrum mediate top-down cognitive 

control of action (Chapter III). 

3. Determine if claustrum output mediates top-down cognitive control of action 

(Chapter V). 

The last two aims of this dissertation address the third gap in our knowledge. These 

two aims rely on whole-cell electrophysiological recordings in acute mouse brain 

slices to understand how claustrum processes frontal input and if claustrum provides a 

functional link of brain areas implicated in top-down cognitive control. 

4. Determine claustrum processing mechanisms of frontal inputs (Chapters III 

and IV). 

5. Determine if claustrum macrocircuits support cross-cortical communication 

consistent with top-down cognitive control (Chapter VI). 
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Chapter II – Cortical hierarchy governs rat claustrocortical circuit organization
1
 

 

 

 

A. Introduction 

 Our current understanding of claustrocortical circuits is based on an accumulation 

of evidence from studies that were conducted in different species and that targeted only 

one of a few cortical sites in non-human primates, cats, or rats (Adinolfi and Levine, 

1986; Baizer et al., 1997; Carey and Neal, 1985; Druga et al., 1990; Irvine and Brugge, 

1980; LeVay and Sherk, 1981; Macchi et al., 1981, 1983; Minciacchi et al., 1991; Olson 

and Graybiel, 1980; Pearson et al., 1982; Reser et al., 2014; Sadowski et al., 1997; 

Sanides and Buchholtz, 1979; Shameem et al., 1984; Sloniewski et al., 1986). Thus, an 

assessment of how the claustrum differentially connects with various cortical areas in a 

single species is required. Moreover, previous studies of claustral efferents have used 

overly inclusive definitions of the borders of the claustrum that lead to the false 

assignment of retrogradely-labeled cells that actually originate from insular cortex to the 

claustrum, thus limiting the interpretation of these studies (Mathur et al., 2009; Van De 

Werd and Uylings, 2008). To address these issues, we have systematically examined the 

intra-claustral localization of cells projecting to cortical areas spanning the entire cortical 

hierarchy from primary sensory subdivisions to frontal cortical sites in the rat and defined 

claustral borders based on parvalbumin (PV) immunoreactivity, which is isomorphic with 

the expression pattern of the rodent claustral marker GNG2 (Mathur et al., 2009). The 

                                                 
1
 White, M.G., Cody, P.A., Bubser, M., Wang, H.-D., Deutch, A.Y., and Mathur, B.N. (2017). Cortical 

hierarchy governs rat claustrocortical circuit organization. J. Comp. Neurol. 525, 1347–1362. 
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GNG2-based definition of the claustrum is corroborated by publicly available mouse 

gene expression data from the Allen Institute for Brain Science and human GNG2 protein 

expression (Lein et al., 2007; Pirone et al., 2012; Allen Mouse Brain Atlas, 

http://mouse.brain-map.org).  

  

B. Materials and Methods  

Subjects. Thirty adult (8-24 weeks old) male Sprague-Dawley rats (Harlan, Indianapolis, 

IN) weighing 300-400 grams were group-housed with food and water available ad 

libitum on a 12h light-dark cycle with lights on at 0700. All studies were performed in 

accordance with the National Institutes of Health Guide for Care and Use of Laboratory 

Animals and under the oversight of the Vanderbilt University and University of Maryland 

Animal Care and Use Committees. 

 

Tract tracing. Rats were deeply anesthetized with isofluorane and placed in a 

stereotaxic frame. For retrograde tracing from individual brain regions, a 3% solution of 

Fluorogold (FG; Fluorochrome, Englewood, CO) was iontophoretically deposited 

through glass pipettes with tip diameters of 20-30 μm, using pulsed +1.5 μA current 7 sec 

on/off for 15 min); in two other rats FG was delivered using +5.0 μA current. In other 

cases, 100-300 nL of a 3% FG solution, a 1% solution of cholera toxin B subunit (CTb), 

or a 1% CTb solution conjugated to AlexaFluor®-555 (CTb-555; Molecular Probes, 

Carlsbad, CA) was pressure injected. A summary of the cortical areas targeted, the modes 

of tracer delivery, and the tracers used are found in Table 2.1. For double retrograde 
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injections, four rats received either 200 nL injections of FG and CTb or 200 nL injections 

of CTb-555 and CTb conjugated to AlexaFluor®-488 (CTb-488; Molecular Probes, 

Carlsbad, CA) into two separate cortical locations. An additional three rats received an 

anterograde/retrograde double injection, which consisted of a volume of 200 nL of a 15% 

solution of 10,000 MW biotinylated dextran amine (BDA; Life Technologies, Grand 

Island, NY) pressure injected into the left anterior cingulate cortex (ACC) and 200 nL of 

FG or CTb-488 pressure injected into the right ACC.  

 

Histochemistry and immunohistochemistry. Rats were transcardially perfused with room 

temperature 0.1M sodium phosphate buffer, pH 7.3, followed by ice-cold 4% 

paraformaldehyde in phosphate buffer. Brains were postfixed in 4% paraformaldehyde 

overnight and cryoprotected in 0.1M phosphate buffer containing 30% sucrose. Frozen 

coronal sections were cut through the forebrain at 40 – 50 μm thickness. Sections were 

immediately used for histology or were stored at -20°C in a solution of 0.1M phosphate 

buffer containing 30% sucrose and 30% ethylene glycol. Conventional or 

immunofluorescence protocols were used to reveal the localization of 

anterograde/retrograde tracers or proteins of interest, following previously described 

methods (Deutch et al., 1996). For animals receiving non-conjugated CTb injections, a 

goat anti-CTb antibody (List Biological, Campbell, CA) was used. For animals receiving 

FG injections, two rabbit anti-FG antibodies were used, purchased from Fluorochrome 

(Denver, CO) or EMD Millipore (Billerica, MA). Three different antibodies against PV 

generated from different species were used: mouse (Sigma-Aldrich, St. Louis, MO), 
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Table 2.1: Targeted cortical areas, injection locations, delivery method and 

retrograde tracer used. Abbreviations: A1, primary auditory cortex; ACC, anterior 

cingulate cortex; CC, cingulate cortices (middle or posterior); CTb, cholera toxin B 

subunit; CTb-555, cholera toxin B subunit conjugated to AlexaFluor®-555; FG, 

Fluorogold; IL-PFC, infralimbic cortex (area 25); LPA, lateral parietal association cortex; 

M1, primary motor cortex; M2, secondary motor cortex; MPA, medial parietal 

association cortex; PL-PFC, prelimbic cortex (area 32); RSD, retrosplenial dysgranular 

cortex; S1, primary somatosensory cortex; V1, primary visual cortex; V2, secondary 

visual cortex. 
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Targeted 

Area (#) 

Injection 

Location 
Mode Tracer 

A1 

(n = 1) 
A1 Pressure FG 

ACC 

(n = 7) 

ACC Iontophoresis FG 

ACC Pressure CTb 

ACC Pressure CTb 

ACC Pressure FG 

ACC Pressure CTb 

ACC Pressure CTb 

ACC/M2 Pressure CTb 

CC 

(n = 2) 

CC Pressure CTb-555 

CC Pressure CTb-555 

LPA 

(n = 1) 
LPA Pressure FG 

M1 

(n = 2) 

M1 Pressure FG 

M1 Pressure FG 

M1/M2 

(n = 2) 

M1/M2 Pressure CTb 

M1/M2 Pressure FG 

IL-PFC 

(n = 1) 
IL-PFC Iontophoresis FG 

PL-PFC 

(n = 1) 
PL-PFC Iontophoresis FG 

RSD 

(n = 3) 

RSD Pressure FG 

RSD/CC Pressure FG 

RSD/MPA Iontophoresis FG 

S1 

(n = 1) 
S1 Pressure FG 

V1 

(n = 1) 
V1 Pressure FG 

V2 

(n = 1) 
V2 Pressure FG 
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rabbit (Swant, Bellinzona, Switzerland), or goat (Swant). Information regarding the 

primary antibodies is listed in Table 2.2. Secondary antibodies generated in donkey and 

conjugated with fluorophores from Jackson Immunoresearch (West Grove, PA) were 

used for immunofluorescence: anti-rabbit conjugated with AlexaFluor ®-488 or AMCA 

for FG and PV immunofluorescence, anti-mouse conjugated with AlexaFluor ®-488 or 

AMCA for PV immunofluoresence, and anti-goat conjugated with AlexaFluor®-488 or 

AlexaFluor®-594 for PV immunofluorescence. For animals receiving BDA anterograde 

tracer injections, a streptavidin protein conjugated with Cy3 (Jackson ImmunoResearch, 

West Grove, PA) was used at a 1:1,000 dilution. 

 

Antibody Characterization. The mouse anti-PV antibody from Sigma-Aldrich (Cat # 

3088) generated against purified frog muscle PV recognizes a protein of ~12 kDa on 

immunoblots , and stains cortical interneurons with the characteristic morphology and 

localization of PV-containing interneurons (Martin et al., 2007); according to the 

manufacturer this antibody does not recognize other members of the EF-hand calcium 

binding protein family. Both the rabbit and goat anti-PV antibodies (Swant #PV 25 and 

#PVG-214, respectively) were generated against PV purified from rat muscles (Kägi et 

al., 1987; Schwaller et al., 1999), recognize a single band of ~12 kDa in immunoblots 

(Celio and Heizmann, 1981; Schwaller et al., 1999) and show no immunolabeling after 

preadsorbtion of the antibody with recombinant rat PV and does not stain cells in PV 

knockout mice (Swant). Immunolabeling for injected CTb is completely blocked by 

preadsorption of excess choleragenoid (Stocker et al., 2006), and no CTb-labeled cells 
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 are seen in animals that have not received CTb injections (Pakan et al., 2008). Similarly, 

we did not observe any FG-like immunostaining when using the rabbit anti-FG antibody 

in animals not injected with FG (data not shown), and the cells labeled by the FG 

antibody also displayed their endogenous fluorescence when viewed with UV 

illumination. In parallel immunohistochemical reactions performed in the absence of each 

primary antibody used in this study resulted in a complete lack of immunostaining for the  

corresponding antigen. 

 

Data analysis. The structural boundaries of the claustrum were defined by dense PV-

immunoreactive (ir) neuropil of the claustrum, which is isomorphic with the expression 

pattern of the claustral-restricted protein GNG2, as previously described (Mathur et al., 

2009). This anatomical definition of the claustrum excludes areas rostral to the genu of 

the corpus callosum and is consistent with the observed retrograde-labeling from all 

cortical sites. All other structures are in reference to Paxinos and Watson, 2007. Cells 

were charted using NeuroLucida (MicroBrightField, Williston, VT). The numbers of 

cells within the borders of the claustrum at three anteroposterior levels were then 

determined: 1) rostral claustrum at the level of the genu of the corpus callosum, 2) a mid-

claustrum level defined as roughly equidistant between the genu of the corpus callosum 

and the decussation of the anterior commissure, and 3) caudal claustrum at the level of 

the decussation of the anterior commissure. We also counted the numbers of 

retrogradely-labeled cells between the PV-ir-defined claustrum and the pial surface. We 

restricted our analysis of retrogradely-labeled cells in the claustrum ipsilateral to the 
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retrograde tracer deposit because in all areas examined the number of retrogradely-

labeled cells was considerably greater in the ipsilateral claustrum. Photomicrographs 

were pseudo-colored and were adjusted for brightness and contrast in Adobe Photoshop 

CS6 (Adobe Systems, San Jose, CA). 
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Table 2.2: Primary antibody information. Abbreviations: CTb, cholera toxin B 

subunit; FG, Fluorogold; IF, immunofluorescence; IP, immunoperoxidase; PV, 

parvalbumin.  

 

 

 

 

 

 

 

 

 

 

Antigen Immunogen Source, Manufacturer Dilution 

PV Frog muscle 

PV 
Mouse, polyclonal; Sigma Aldrich #P3088 1:1,000 (IF) 

1:3,000 (IP) 

PV Rat muscle PV Rabbit, polyclonal; Swant #PV 25 1:2,000 (IF) 

PV Rat muscle PV Goat, polyclonal; Swant #PVG-214 1:5,000 (IF) 

CTb CTb Goat, polyclonal; List Biological #703 1:5,000 (IF) 

FG FG Rabbit, polyclonal; Fluorochrome, LLC 1:3,000 (IF) 

FG FG Rabbit, polyclonal; EMD Millipore #153 1:10,000 (IF) 
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C. Results 

Retrogradely-labeled cells in the claustrum arising from cortical tracer deposits were 

charted at rostral, middle, and caudal levels of the claustrum, which are defined by the 

PV-immunoreactive neuropil (Figure 2.1A). 

 

Primary sensory and motor cortices. 

Motor Cortex (M1/M2). FG deposits into M1 or M1/M2 just lateral to the cingulate 

cortex, involved all cortical layers. Retrogradely-labeled cell bodies were consistently 

present in the dorsolateral portion of the claustrum at all anteroposterior levels, with the 

number of FG-ir somata remaining relatively constant across the rostrocaudal extent of 

the claustrum (Figure 2.1B, 2.1C). The retrogradely-labeled cells were often located at 

the border between claustrum and surrounding insular cortex. Only a small number of 

cells were present in the insula. 

 

Visual cortex (V1/V2). A FG injection into primary visual cortex involved V1 with 

relatively minor invasion into neighboring V2 (Figure 2.1D). FG-ir cell bodies were 

scattered across the dorsal half of the claustrum at all anteroposterior levels, with a few 

FG-ir cells seen in ventral portions of the claustrum. Similarly, retrogradely-labeled cells 

from a FG deposit into V2, which did not extend into V1 (Figure 2.1E), were mostly 

observed in the dorsal claustrum. However, in contrast to the pattern of labeling observed 

after V1 injection, labeled cells from the V2 deposit were largely restricted to the 

posterior claustrum.  
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Somatosensory cortex (S1). A FG deposit into S1 involved primarily the forelimb region 

of the somatosensory cortex with some lateral extension into the barrel field cortex 

(Figure 2.1F). Retrogradely-labeled cells were observed in the dorsal half of the 

claustrum at all levels, though labeling was more ventral at mid-claustrum levels. 

 

Auditory cortex (A1). A FG injection into A1 cortex resulted in a discrete deposit of the 

tracer through all layers of A1 with only minor involvement of the surrounding secondary 

auditory cortex (Figure 2.1G). Retrogradely-labeled cells were mainly restricted to dorsal 

aspects of the claustrum, and labeling was less dense than for other sensory cortices.  
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Figure 2.1: Retrograde tract tracer deposits into motor and primary sensory 

cortices results in a restricted pattern of labeling within the claustrum. Black 

shading indicates tracer deposit core, dark grey indicates the penumbra of less dense 

labeling surrounding the core of the tracer deposit, and light grey shading indicates the 

location of white matter structures. Dark grey in the claustrum reconstructions indicates 

white matter of the external capsule, light grey indicates the body of the claustrum as 

defined by parvalbumin (PV) immunoreactivity, and black dots represent retrogradely-

labeled cell bodies. Claustral reconstructions proceed anterior to posterior, from left to 

right, as represented diagrammatically in the top row of (A) with black boxes indicating 

approximate location of claustrum reconstructions. Photomicrographs of representative 

PV immunoreactivity, defining the boundaries of the claustrum, are given in the bottom 

row of (A). Reconstruction of tracer deposit site, approximate anterior/posterior level of 

tracer deposit, and resultant labeling in and around the claustrum is shown for (B) 

primary motor cortex (M1), (C) posterior M1/secondary motor cortex (M2), (D) primary 

visual cortex (V1), (E) secondary visual cortex (V2); (F) forelimb region of the primary 

somatosensory cortex (S1); and (G) primary auditory cortex (A1). Abbreviations: A/P, 

anterior/posterior; EC, external capsule; CL, claustrum; CTX, cortex. Scale bars = 200 

μm (A). 
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Association cortices.  

Lateral parietal association cortex (LPA). A FG deposit into the LPA spanned the entire 

cortical depth (Figure 2.2A). FG-ir cells were localized to the dorsal half of the claustrum 

at anterior and posterior levels, although a few cells were noted slightly more ventrally. 

At mid-claustrum levels, FG-ir cells were localized more ventrally relative to FG-ir cells 

at anterior and posterior portions of the claustrum.  

 

Prelimbic and infralimbic cortices. Iontophoretic injection of FG into the dorsal 

prelimbic cortex (area 32) with slight invasion of the penumbra dorsally into the 

pregenual ACC (area 24b) resulted in FG-ir cells distributed evenly throughout the 

dorsoventral and mediolateral extent of the anterior pole of the claustrum (Figure 2.2B). 

However, FG-ir cells were generally restricted to the ventrolateral claustrum at posterior 

levels. An iontophoretic injection of FG into infralimbic cortex (area 25) with slight 

invasion dorsally into prelimbic cortex (area 32) resulted in sparse labeling of FG-ir cells 

in ventral portions of the claustrum at all rostrocaudal levels (Figure 2.2C).  

 

Anterior cingulate cortex (ACC). CTb injection resulted in a tracer deposit that largely 

involved the anterior pregenual cingulate cortex, with some possible extension into the 

M2 motor cortex (Figure 2.3A); the deposit spanned layers I-V. Retrogradely-labeled 

cells were nearly evenly distributed across the dorsoventral as well as anteroposterior 

extent of the claustrum, with the exception of the extreme ventral aspect of the posterior 

claustrum, where only few cells were evident. A more posteriorly targeted injection of 
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Figure 2.2: Retrograde tract tracer deposits into lateral parietal association cortex 

and medial prefrontal regions result in labeling restricted to dorsal and ventral 

portions of the claustrum, respectively. Reconstruction of retrograde labeling in the 

claustrum and surrounding insular cortex following deposits into (A) lateral parietal 

association cortex; (B) prelimbic part of the medial prefrontal cortex; (C) infralimbic 

cortex of the medial prefrontal cortex. Abbreviations: A/P, anterior/posterior.  
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Figure 2.3: Retrograde tract tracer deposits into different aspects of the cingulate 

cortex reveal a much wider pattern of labeling in the claustrum than in other 

sensory, motor, and association cortices. Reconstruction of claustral and insular 

cortical labeling following deposit into (A) the pregenual anterior cingulate cortex 

(ACC), (B) a more posterior level of pregenual ACC, (C) the middle cingulate cortex, 

(D) posterior cingulate cortex, (E) retrosplenial dysgranular cortex part of the cingulate 

cortex; and (F) a more posterior aspect of retrosplenial dysgranular cortex. Abbreviations: 

A/P, anterior/posterior. 
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FG into the most posterior aspect of the pregenual cingulate cortex (Figure 2.3B) resulted 

in an even and particularly dense distribution of FG-ir cells across all axes of the 

claustrum, with the possible exception of the dorsal-most tip of the structure at its 

posterior pole. In all cases in which tracer was deposited into the ACC, including the 

supragenual and pregenual cortices, retrogradely-labeled cells were also observed just 

outside the dorsal and lateral borders of the claustrum, in the insular cortex.  

 

Middle and posterior cingulate cortices. An injection of CTb into the cingulate cortex at 

the level of the genu of the corpus callosum (Figure 2.3C) spanned all layers of the mid-

cingulate cortex at mid striatal levels. Retrogradely-labeled cells were distributed across 

the entire claustrum and notably dense at all anteroposterior levels examined. Another 

CTb injection at the level of the crossing of the anterior commissure (Figure 2.3D) 

resulted in retrogradely-labeled cells across the entire claustrum, with the density of 

retrograde labeling uniform over the anteroposterior extent of the claustrum.  

 

Retrosplenial cortex. For two rats, FG was deposited in the region of the retrosplenial 

cortex. In the first rat, the deposit was localized to the lateral dysgranular retrosplenial 

cortex (area 29d) without any significant invasion of medially adjacent area 29c but with 

a small extension of the penumbra laterally (Figure 2.3E). In the second rat, the FG 

deposit involved the areas 29d and 29c, with extension into the medial parietal 

association area (Figure 2.3F). FG-ir cells were observed throughout the body of the 

claustrum in both cases, with only the dorsal third of the anterior pole of claustrum  
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% labeled cells inside  

claustrum 

% labeled cells outside 

claustrum 

# labeled 

cells 

Targeted 

Area (#) 
Region Ros Mid Caudal Ros Mid Caudal In Out 

A1 

(n = 1) 
A1 11.1 55.6 33.3 0.0 0.0 0.0 9 0 

ACC 

(n = 7) 

ACC 55.4 28.0 16.6 71.4 14.3 14.3 175 7 

ACC 49.3 34.2 16.5 68.0 22.1 9.9 552 172 

ACC 58.3 30.8 10.9 79.3 13.8 6.9 276 58 

ACC 36.1 39.3 24.6 90.0 0.0 10.0 61 10 

ACC 47.6 35.5 16.9 63.6 30.7 5.7 349 140 

ACC 46.0 37.6 16.4 76.1 19.4 4.5 165 67 

ACC/M2 23.5 47.1 29.4 100.0 0.0 0.0 17 2 

CC 

(n = 2) 

CC 36.6 42.0 21.4 16.7 33.3 50.0 205 12 

CC 37.0 37.0 26.0 33.3 33.3 33.3 100 3 

LPA 

(n = 1) 
LPA 50.0 26.1 23.9 0.0 0.0 0.0 46 0 

M1 

(n = 2) 

M1 31.8 27.3 40.9 54.5 27.3 18.2 22 11 

M1 25.0 40.0 35.0 61.5 38.5 0.0 20 13 

M1/M2 

(n = 2) 

M1/M2 49.8 36.3 13.9 61.4 28.6 10.0 273 70 

M1/M2 19.0 42.9 38.1 90.0 10.0 0.0 21 10 

IL-PFC 

(n = 1) 
IL-PFC 22.2 27.8 50.0 96.0 0.0 4.0 18 25 

PL-PFC 

(n = 1) 
PL-PFC 42.9 39.9 17.2 73.3 16.7 10.0 203 30 

RSD 

(n = 3) 

RSD 47.0 27.2 25.8 52.6 42.1 5.3 423 19 

RSD/CC 32.8 32.2 35.0 100.0 0.0 0.0 143 29 

RSD/MPA 33.3 30.2 36.5 0.0 0.0 100.0 96 2 

S1 

(n = 1) 
S1 28.6 37.1 34.3 0.0 0.0 100.0 35 1 

V1 

(n = 1) 
V1 31.2 39.0 29.8 66.7 33.3 0.0 77 6 

V2 

(n = 1) 
V2 26.3 26.3 47.4 100.0 0.0 0.0 38 1 

 

Table 2.3: Percentages of retrogradely-labeled cells inside and outside the claustrum 

for various cortical injections. Abbreviations: A1, primary auditory cortex; ACC, 

anterior cingulate cortex; CC, cingulate cortices (middle or posterior); IL-PFC, 

infralimbic cortex (area 25); LPA, lateral parietal association cortex; M1, primary motor 

cortex; M2, secondary motor cortex; MPA, medial parietal association cortex; PL-PFC, 

prelimbic cortex (area 32); RSD, retrosplenial dysgranular cortex; S1, primary 

somatosensory cortex; V1, primary visual cortex; V2, secondary visual cortex. 
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lacking labeled cells, and the retrograde-labeling in the claustrum was notably dense for 

the second rat (Figure 2.3F). The percentage of labeled cells inside and outside the 

claustrum at the three rostrocaudal levels examined for all cases is given in Table 2.3. 

 

Dual retrograde tracer deposits into cortex.  

 The relatively unrestricted distribution of retrogradely-labeled cells in the 

claustrum following tracer deposit into cingulate cortices suggests that the claustral 

representations of these sites overlap with each other and with the segregated 

distributions of all other cortical sites that we examined. This overlap raises the 

possibility that claustral cells collateralize to innervate multiple aspects of cingulate 

cortices and/or multiple cortical sites. To test this, we first deposited different retrograde 

tracers into each of two distal sites along the cingulate cortices. In one rat, CTb-488 was 

deposited into pregenual cingulate cortex and CTb-555 was deposited into the lateral 

retrosplenial dysgranular cortex (Figure 2.4A, 2.4B). As expected, immunofluorescence 

revealed retrogradely-labeled cells positive for CTb-488 and CTb-555 that were 

uniformly distributed in the claustrum (Figure 2.4C). However, of the observed 

retrogradely-labeled claustrum cells, very few were double-labeled (Figure 2.4D), 

suggesting that claustrum projection neurons do not collateralize to innervate different 

aspects of cingulate cortices. For another rat, CTb was deposited into pregenual cingulate 

cortex and FG was deposited into lateral retrosplenial dysgranular cortex. As with the 

first rat, we observed uniformly distributed retrogradely-labeled cells in the claustrum, 

and very few were double-labeled (4.1%). For this rat, a reconstruction of single and 
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double-labeled cells as well as a tabulation of single and double-labeled cells inside and 

outside the claustrum across all three anteroposterior levels of the claustrum can be found 

in Figure 2.6A and Table 2.4, respectively.  

 Next, we deposited retrograde tracers into a cingulate cortex site and a cortical 

site with a restricted representation in the claustrum. Specifically, in one rat we deposited 

CTb-488 into the pregenual cingulate and CTb-555 into M1 (Figure 2.5A, 2.5B). As 

expected, immunofluorescence revealed retrogradely labeled cells positive for CTb 

throughout the claustrum, while cells positive for FG were less prevalent and restricted to 

the dorsal claustrum (Figure 2.5C). Of the observed retrogradely-labeled claustrum cells, 

very few were double-labeled (Figure 2.5D), further suggesting that claustrum projection 

neurons rarely collateralize to innervate multiple cortical targets. For another rat, CTb 

was deposited into the pregenual cingulate and FG was deposited into M1. As with the 

first rat, very few of the retrogradely-labeled cells were double-labeled (0.7%). For this 

rat, a reconstruction of single and double-labeled cells as well as a tabulation of single 

and double-labeled cells inside and outside the claustrum across all three anteroposterior 

levels of the claustrum can be found in Figure 2.6B and Table 2.4, respectively. 
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Figure 2.4: Photomicrographs illustrating minimal double-labeling in the claustrum 

after dual retrograde tract tracer deposits into posterior cingulate and ACC. Tracer 

deposits of cholera toxin B subunit conjugated to AlexaFluor®-488 (CTb-488) into (A) 

the right ACC and CTb conjugated to AlexaFluor®-555 into (B) the right posterior 

cingulate cortex with invasion into the retrosplenial dysgranular cortex are shown. (C) 

CTb-555 (red), CTb-488 (green) and double-labeled CTb-555 + CTb488 (yellow) 

neurons from the right claustrum. (D) Inset from (C) showing an example of a double-

labeled cell (arrowhead). Abbreviations: A/P, anterior/posterior. Scale bars = 1 mm (A, 

B); 150 μm (C); 50 μm (D). 
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Figure 2.5: Photomicrographs illustrating minimal double-labeling in the claustrum 

after dual retrograde tract tracer deposits into ACC and M1. Tracer deposits of 

cholera toxin B subunit conjugated to AlexaFluor®-488 (CTb-488) into (A) the right 

ACC and CTb conjugated to AlexaFluor®-555 into (B) M1 are shown. (C) CTb-555 

(red), CTb-488 (green) and double-labeled CTb-555 + CTb488 (yellow) neurons from the 

right claustrum. (D) Inset from (C) showing examples of double-labeled cells 

(arrowheads). Abbreviations: A/P, anterior/posterior. Scale bars = 1 mm (A, B); 150 μm 

(C); 50 μm (D). 
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Figure 2.6: Dual retrograde tract tracer deposits of the cortex reveal few double-

labeled cells in the claustrum. (A, top) Reconstructions of a cholera toxin B subunit 

(CTb) deposit into the ACC and FluoroGold (FG) deposit of M1; (A, bottom) retrograde 

labeling in the area of the claustrum. Few double CTb + FG-labeled cells were seen 

(stars). (B, top) Reconstructions of a CTb deposit into the ACC and a FG deposit into a 

region that straddles the posterior cingulate and retrosplenial dysgranular cortex. (B, 

bottom) Again, few double-labeled cells were seen. Abbreviations: A/P, 

anterior/posterior; CTb, cholera toxin B subunit; FG, FluoroGold.  

 

 



59 

 

 

 

Table 2.4. Singly and doubly retrogradely-labeled cells inside and outside the 

claustrum for double cortical retrograde tracer injections. Abbreviations: ACC, 

anterior cingulate cortex; CTb, cholera toxin B subunit; FG, Fluorogold; M1, primary 

motor cortex; RSD, retrosplenial dysgranular cortex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FG CTb FG +CTb % FG % CTb % double 

N = 1 M1 ACC 
    

Rostral, in 
Mid, in 

Caudal, in 
Rostral, out 

Mid, out 
Caudal, out 

14 
14 
5 
13 
13 
2 

415 
171 
99 
38 
8 
4 

3 
1 
1 
0 
0 
0 

3.3 
7.6 
4.8 
25.5 
61.9 
33.3 

96.7 
92.4 
95.2 
74.5 
38.1 
66.7 

0.7 
0.5 
1.0 
0.0 
0.0 
0.0 

N = 1 RSD ACC 
    

Rostral, in 
Mid, in 

Caudal, in 
Rostral, out 

Mid, out 
Caudal, out 

124 
52 
42 
4 
0 
1 

154 
169 
40 
1 
7 
6 

14 
11 
2 
0 
0 
0 

44.6 
23.5 
51.2 
80.0 
0.0 
14.3 

55.4 
76.5 
48.8 
20.0 
100.0 
85.7 

5.0 
5.0 
2.4 
0.0 
0.0 
0.0 
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Dual anterograde/retrograde tracer deposits into cingulate cortex. 

 In order to determine if the preferential relationship between the cingulate cortex 

and claustrum observed is reciprocal, and to determine the distribution of possible 

cingulo-claustral fibers, we deposited the anterograde tracer BDA and the retrograde 

tracer CTb-488 into the left and right cingulate slightly caudal to the genu of the corpus 

callosum, respectively, in two rats. Injections involved all layers of cingulate cortex 

(Figure 2.7A, 2.7B), which is shown for a representative case. In the left claustrum, there 

was sparse labeling of axons and cell bodies (Figure 2.7C); however, in the right 

claustrum we observed a relatively dense plexus of anterogradely-labeled axons, which 

overlapped with retrogradely-labeled cells (Figure 2.7D). Thus, projections from the 

cingulate to the claustrum are reciprocal and primarily originate from the contralateral 

hemisphere, while claustral projections target cortical areas of the ipsilateral hemisphere. 

This same pair of injections was performed in an additional rat, but FG was used as the 

retrograde tracer and slight invasion laterally into M2 was observed for both tracers. 

Similar results were observed for this case (data not shown). 
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Figure 2.7: Anterograde/retrograde tract tracers deposited contralaterally into the 

cingulate cortex reveals a unilateral convergence of fibers and cell bodies in the 

claustrum. Injection sites for the anterograde tracer deposit of BDA into (A) the left 

cingulate and retrograde tracer deposit of CTb-488 into (B) the right cingulate slightly 

caudal to the genu of the corpus callosum. (C, D) Photomicrographs illustrating a section 

of the left (C) and right (D) claustrum lying roughly equidistant between the genu of the 

corpus callosum and the decussation of the anterior commissure. BDA-ir (red) fibers and 

CTb-488-labeled (green) cell bodies were seen predominantly in the right claustrum (D), 

indicating projections from the cingulate to the claustrum originate primarily from the 

contralateral hemisphere while projections from the claustrum to the cingulate originate 

primarily from the ipsilateral hemisphere. Abbreviations: A/P, anterior/posterior. Scale 

bars = 1 mm (A, B); 150 μm (C); 150 μm (D). 
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D. Discussion 

 We found that claustral projections to most cortical regions, including sensory, 

motor, and certain association cortices, originate within discrete zones of the claustrum, 

consistent with previous reports. In contrast, claustral cells retrogradely-labeled from the 

prelimbic prefrontal cortex (area 32) were more widely distributed. Surprisingly, claustral 

cells projecting to the cingulate cortex were numerous and noticeably more dispersed 

throughout the claustrum, and this pattern was observed across the entire anteroposterior 

extent of the cingulate (i.e. from pregenual cingulate to retrosplenial cortex). We have 

summarized this connectivity pattern diagrammatically in Figure 2.8.  

Despite the numerous claustrum projections we observed to cingulate cortex, very 

few of these projections target multiple aspects of the cingulate or motor cortex, as 

evidenced by our double retrograde tracer injections. Finally, we observed dense 

reciprocal innervation of the claustrum from the cingulate, which preferentially targeted 

the contralateral claustrum, contrasting with claustrum projections to cingulate, which 

were primarily ipsilateral. This reciprocal connectivity pattern has been observed with 

other cortical areas and the claustrum (Alloway et al., 2009).  

 Importantly, this study is the first, to our knowledge, to comprehensively examine 

claustrocortical connectivity across the cortical hierarchy and to use a non-arbitrary 

definition of the claustrum to examine claustral projections. Specifically, we defined the 

claustrum as the circumscribed, PV-enriched area of neuropil, which we have previously 

shown to be isomorphic with the claustral marker GNG2 (Mathur et al., 2009).  

   



63 

 

 

Figure 2.8: Cortical hierarchy determines the distribution of claustrum projection 

neurons. Claustral projections to sensory and motor cortices are sparse and exhibit a 

restricted distribution within the claustrum, while projections to prelimbic cortex (area 

32) are numerous and exhibit a more widespread distribution. Claustral projections to all 

aspects of cingulate cortices are numerous and distributed throughout the extent of the 

claustrum. 
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Claustral projections to “lower” order cortical regions originate from discrete zones 

within the claustrum without any noticeable topography. 

Consistent with previous studies of claustrocortical projections, we found that 

retrograde tracer deposits into most cortical areas labeled cells clustered in relatively 

discrete zones of the claustrum (LeVay and Sherk, 1981; Li et al., 1986; Mufson and 

Mesulam, 1982; Olson and Graybiel, 1980; Pearson et al., 1982; Sadowski et al., 1997; 

Sherk, 1986; Tanné-Gariépy et al., 2002). Although such a sub-regional pattern of 

localization of retrogradely-labeled cells often suggests a topographical organization of 

projections, we were unable to discern any topography of claustrocortical projections. 

Our inability to uncover a clear topographical organization of claustral projections onto 

cortical regions is consistent with previous studies in cat, monkey and rat (Carey and 

Neal, 1985; Druga, 1982; Pearson et al., 1982), while other reports have suggested that a 

loose topographical order of claustrocortical projections exists in cat (Macchi et al., 1981, 

1983) and rat (Li et al., 1986; Sadowski et al., 1997; Sloniewski and Pilgrim, 1984; Smith 

and Alloway, 2014). However, claims of topographical organization of claustrocortical 

projections were often based on the patterns of retrograde labeling from only a few (two 

or three) cortical sites, not across the many sites examined in this study.  

 

Claustral projections to the cingulate are numerous and distributed throughout the 

claustrum. 

Several reports have briefly commented on the presence of claustral projections to 

the rodent cingulate cortex. Li et al. (1986) found that claustral labeling after posterior 
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cingulate injections of the rat was not dispersed across the entire claustrum, but 

concentrated in the ventral half of the claustrum. Condé et al. (1995) and Hoover and 

Vertes (2007) both noted claustral inputs to the pregenual ACC of the rat, but the 

resolution of the chartings in these studies was too low to discern the applied anatomical 

definition of the claustrum and if neurons in discrete sectors of the claustrum, or the 

entire structure, gives rise to the anterior cingulate projection. Vogt and Miller (1983) 

mentioned label in the dorsal part of the posterior claustrum after horseradish peroxidase 

injection into the posterior cingulate cortex, while Finch et al. (1984) offered very low 

resolution chartings suggesting that there is a similar degree of retrograde labeling in the 

claustrum after horseradish peroxidase injections of the anterior and posterior cingulate. 

Van Groen and Wyss (1992) found that the claustrum projects to the retrosplenial cortex 

of the rat, but the pattern of claustral cells that innervated the retrosplenial cortex was not 

specified. To our knowledge, this is the first detailed study on claustral projections to the 

cingulate cortex. In contrast to the restricted intra-claustral distributions of retrogradely-

labeled projections to most cortical areas, we found that retrogradely-labeled projections 

to, or immediately lateral to, cingulate cortex were distributed across the entire claustrum. 

Interestingly, this unrestricted distribution was observed across the anteroposterior extent 

of the cingulate cortex. 

 

Reciprocal inputs from the cingulate are distributed throughout the claustrum and 

predominantly contralateral.  

We observed dense terminal labeling in the contralateral claustrum after 
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depositing anterograde tracers into cingulate cortex and labeling, albeit weaker, in the 

ipsilateral claustrum. Importantly, the terminal labeling overlapped with the distribution 

of retrogradely-labeled cells in the claustrum following retrograde tracer deposits into the 

cingulate of the opposite hemisphere. Thus, the preferential relationship between 

claustrum and cingulate appears to be reciprocal. Moreover, a specific pattern is apparent 

wherein the cingulate preferentially targets the contralateral claustrum, while the 

claustrum preferentially targets the ipsilateral cingulate. This bias of cortical afferents to 

the contralateral claustrum and claustrum afferents to ipsilateral cortex has been observed 

by others in both the rat and cat (Colechio and Alloway, 2009; Li et al., 1986; Norita, 

1977; Olson and Graybiel, 1980; Smith and Alloway, 2010; Smith et al., 2012; Squatrito 

et al., 1980), but has yet to be substantiated in primates.  

 

Functional implications.  

The function of the claustrum has remained enigmatic despite over a century of 

speculations and hypotheses. It has been proposed that the claustrum is a locus for 

multisensory integration (Ettlinger and Wilson, 1990; Hadjikhani and Roland, 1998) 

possibly for the generation of conscious percepts (Crick and Koch, 2005), leading to the 

prediction that individual sensory representations in the claustrum would be numerous 

and exhibit substantial overlap. However, our anatomical data show that projections to 

individual sensory and motor cortices from the claustrum are relatively weak and their 

distributions exhibit minimal, if any, overlap. This organization is in sharp contrast to 

claustral cells that innervate the cingulate cortex, which are dense and broadly distributed 
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across the claustrum. Given the recent observation of excitatory intra-claustrum signaling 

(Orman, 2015) coupled with the finding that claustrum neurons fire selectively to salient 

sensory stimuli (Remedios et al., 2010; Spector et al., 1974), it is possible that cingulate 

cortices exert “top-down” control over other cortical areas via the claustrum, thus 

allocating attention to a given sensory modality (Mathur, 2008, 2014). This allocation 

could, in the least, be supported by contiguous expanses of claustrum, such as the 

“puddle” region (Baizer et al., 2014; Johnson et al., 2014). Such an arrangement would 

allow the claustrum to support higher order cognitive processes, such as attention and 

attentional control over actions (Mathur, 2008, 2014), which are known functions of 

anterior portions of cingulate cortex (Botvinick, 2007; Hayden et al., 2011; Muir et al., 

1996; Shima and Tanji, 1998). Posterior regions of cingulate, such as retrosplenial cortex, 

on the other hand, are thought to process spatial information and support navigation. This 

is substantiated by the findings that the retrosplenial cortex possesses head-direction cells 

(Chen et al., 1994; Cho and Sharp, 2001) and that navigation using allocentric (external, 

spatial landmarks) and egocentric (internal, self-motion) cues are both disrupted 

following lesions to retrosplenial cortex (Cooper and Mizumori, 1999; Harker and 

Whishaw, 2002; Pothuizen et al., 2008). Taken together, the claustrum may possibly be 

subserving multiple higher order cognitive functions.  

The interhemispheric “all-access” relationship of the cingulate cortex and 

claustrum we observe suggests that the claustrum itself may not be integrating sensory 

information, but instead functioning as a component of a broader saliency detection 

network subserving higher order functions (eg., attention) that involve widely distributed 
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brain regions that include a large majority of the cortical mantle. Such a relationship has 

been hinted at with respect to the ferret claustrum and visual regions, as parietal cortex is 

preferentially connected with the claustrum relative to primary and secondary visual 

cortices (Patzke et al., 2014). In the least, the striking claustrum-wide distribution and 

density of projections to cingulate observed in this study would suggest the claustrum 

supports cingulate cortex functionality.   
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Chapter III – ACC inputs to the claustrum mediate top-down cognitive processing
1
 

 

A. Introduction 

We show that the rat claustrum receives a dense innervation from the anterior 

cingulate cortex (ACC; Chapter II, White et al., 2017), an area implicated in top-down 

attention
 
(Zhang et al., 2014, 2016). As such, we hypothesize that the claustrum processes 

and relays input from frontal cortices to mediate top-down cognitive control (Mathur, 

2014). Top-down cognitive processing is critical for identifying and responding to stimuli 

relating to reward in a largely irrelevant sensory world (Chelazzi et al., 1993, 1998; 

Desimone, 1998; Fuster and Jervey, 1982; Miller et al., 1993). Top-down processing 

initiates in frontal executive cortices that modulate activity in downstream brain regions 

that are necessary for short-term memory and attention (Buschman and Miller, 2007; 

Crowe et al., 2013; Kastner and Ungerleider, 2000; Miller and Buschman, 2013; Moore 

and Armstrong, 2003; Morishima et al., 2009; Zhang et al., 2014). The neural circuit 

mechanisms underlying top-down control are, however, poorly understood. Identified 

candidate top-down circuits arising from frontal cortices traditionally include direct 

inputs to posterior sensory cortices and relay through thalamus (Miller and Buschman, 

2013; Zhang et al., 2014) but experimental evidence is lacking. ACC input to claustrum 

may mediate top-down cognitive control, which we test using in vivo fiber photometry 

and optogenetics. In addition, we examine claustrum microcircuit responsivity to ACC 

input to assess claustrum processing and if claustrum relays this input.   

                                                           
1
 White, M.G., Panicker, M., Mu, C., Carter, A.M., Roberts, B.M., Dharmasri, P.A., and Mathur, B.N. 

(2018). Anterior Cingulate Cortex Input to the Claustrum Is Required for Top-Down Action Control. Cell 

Rep. 22, 84–95. 
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B. Materials and methods 

Animals. 113 C57BL/6J wildtype mice (The Jackson Laboratory; Bar Harbor, ME), 

transgenic mice encoding cre recombinase in the PV gene (PV-cre; Mathur et al., 2013; 

Tanahira et al., 2009), and transgenic mice encoding TdTomato flanked by loxP sites 

(Madisen et al., 2010) crossed with PV-cre mice (PV-cre x FloxTdTom) of both sexes 

were used. Mice used for electrophysiology were 10-34 weeks of age at the time of 

experiments and group-housed with food and water available ad libitum. In contrast, mice 

used for behavioral experiments were 16-76 weeks of age at the time of experiments. 

These mice were singly-housed, weighed daily, and fed daily to maintain 90% of ad 

libitum weight. All mice were on a 12h light-dark cycle beginning at 0700 and behavioral 

experiments were performed during the light cycle. This study was performed in 

accordance with the National Institutes of Health Guide for Care and Use of Laboratory 

Animals and the University of Maryland, School of Medicine, Animal Care and Use 

Committee. 

 

Neuronal tract tracing. For anterograde injections, 100 nL of a 15% solution of 10,000 

MW biotinylated dextran amine (BDA; Life Technologies, Grand Island, NY) was 

pressure injected into the cortical area of interest.  

 

Histochemistry and immunohistochemistry. Mice were transcardially perfused with room 

temperature 0.1M phosphate-buffered saline (PBS), pH 7.3, followed by ice-cold 4% 

(weight/volume) paraformaldehyde in PBS. After extraction, brains were post-fixed with 

4% paraformaldehyde in PBS overnight at 4°C. Coronal sections were cut using an 
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Integraslice 7550 MM vibrating microtome (Campden Instruments, Loughborough, 

England) at a thickness of 50 μm. Sections were either immediately processed or were 

stored at -20°C in a solution of 30% sucrose and 30% ethylene glycol in 0.1M PBS. 

Rabbit or goat anti-PV antibodies (Swant, Bellinoza, Switzerland) were used at a 1:800 

dilution, and rabbit anti-GNG2 antibody (Sigma-Aldrich, Inc., St. Louis, MO) was used 

at a 1:300 dilution. A chicken anti-GFP (1:2,000; Abcam, Cambridge, MA) antibody was 

used for GCaMP6f and eYFP immunohistochemistry. Secondary donkey anti-rabbit, anti-

goat or anti-chicken antibodies conjugated to either Cy3 or AlexaFluor®-488 were used 

at 1:500 dilutions (Jackson ImmunoResearch, West Grove, PA). Sections from animals 

receiving BDA anterograde tracer injections were incubated with streptavidin protein 

conjugated with Cy3 or AlexaFluor®-488 (1:1,000; Jackson ImmunoResearch) during 

secondary antibody incubation. 

For post-hoc histochemistry and immunohistochemistry of acute brain slices used 

in whole-cell electrophysiology, Brain BLAQ, a specialized protocol to minimize lipid 

and aldehyde auto-fluorescence, was utilized
 
(Kupferschmidt et al., 2015). For these 

slices, the same chicken anti-GFP antibody described above and streptavidin (1:1,000; 

Jackson ImmunoResearch) were used for labeling of eYFP-tagged ChR2 and 

neurobiotin-filled neurons, respectively. 

 

Ex vivo brain slice preparation for electrophysiology. Following anesthetization, mice 

were decapitated and 250 μm coronal sections from the extracted brains were cut using a 

vibrating microtome in an ice-cold, carbogen (95% O2, 5% CO2)-bubbled, high-sucrose 

artificial cerebrospinal fluid (aCSF), which contained 194 mM sucrose, 30 mM NaCl, 4.5 
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mM KCl, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose. 

Subsequently, sections were incubated for 30 min at 33°C in carbogen-bubbled aCSF 

(315-320 mOsm) which contained 124 mM NaCl, 4.5 mM KCl, 2 mM CaCl2, 1 mM 

MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose. Sections were 

incubated at room temperature until use for whole-cell patch-clamp recordings, which 

were performed in the same aCSF formulation used for incubation unless otherwise 

indicated. 

 

Whole-cell current and voltage-clamp recordings. Whole-cell recordings were performed 

at 29°C -31°C using borosilicate glass recording pipettes of 3-7 MΩ resistance. For 

recordings performed in a current clamp configuration, recording pipettes were filled 

with a potassium-based solution (290-295 mOsm; pH 7.3) composed of 126 mM 

potassium gluconate, 4 mM KCl, 10 mM HEPES, 4 mM ATP-Mg, 0.3 mM GTP-Na and 

10 mM phosphocreatine. For recordings performed in a voltage-clamp configuration, 

recording pipettes were filled with a CsMeSO3-based internal solution (300-310 mOsm; 

pH 7.3) composed of 114 mM CsMeSO3, 5 mM NaCl, 1mM TEA-Cl, 10 mM HEPES, 5 

mM QX-314, 1.1 mM EGTA, 0.3 mM Na-GTP, and 4 mM Mg-ATP. To measure 

spontaneous inhibitory post-synaptic currents (sIPSCs) in a voltage-clamp configuration, 

recording pipettes were filled with a CsCl-based internal solution (300-310 mOsm; pH 

7.3) composed of 150 mM CsCl, 10 mM HEPES, 2 mM MgCl2, 0.3 mM Na-GTP, 5 mM 

QX-314, 3 mM Mg-ATP, and 0.2 mM BAPTA. Clampex software (version 10.4; 

Molecular Devices; Sunnyvale, CA) was used for electrophysiological recordings, which 

were filtered at 2 kHz and digitized at 10 kHz. A gravity perfusion system was used to 
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deliver drugs to brain slices. GABAzine, tetrodotoxin, NBQX, and APV were purchased 

from Abcam.  

Internal pipette solutions also contained hydrazide dye conjugated with 

AlexaFluor®-488 or -555 (40 µM) to visualize dendritic spines immediately following 

recordings. Alternatively, internal pipette solutions contained 3-5% neurobiotin to co-

localize recorded neurons with ChR2 expression in ACC terminals and visualize 

dendritic spines using the Brain BLAQ technique. For patch clamp recordings of PV+ 

interneurons labeled in PV-cre x FloxTdTom mice or PV-cre mice injected with viral 

constructs expressing an eYFP tag in a cre-dependent manner, no hydrazide dye or 

neurobiotin was included in the internal pipette. . 

For determination of chloride equilibrium (Ecl-), a CsMeSO3-based internal 

pipette solution and aCSF containing NBQX (5 µM) and APV (50 µM) were used. PSC 

decay time was defined as the time elapsed from 90% of the peak current to 10% of the 

peak current. This value was averaged over 10 sweeps for each condition for each cell.  

For optogenetic excitation of cortical afferents in the claustrum, which was 

identified via the fluorescence of virally-transfected axon terminals, an external LED was 

used to field-illuminate the entire claustrum to maximally excite any terminals in the 

claustrum. 470 nm light was delivered as a single 4-6 ms pulse or in 1, 5, 10, 20, or 40 Hz 

trains for 0.5-5 s. Repeated optogenetic stimulations, such as those used to evoke PSCs, 

occurred every 20 s.  

 

Viral vectors and stereotaxic procedures. For ex vivo and in vivo optogenetic stimulation 

of ACC afferents in the claustrum, 150-185 nL of an adeno-associated virus (AAV) 



82 

 

vector expressing channelrhodopsin-2 H134R mutation (ChR2) under the hSyn promoter 

with an eYFP fluorescent tag (AAV5-hSyn-ChR2-eYFP; University of Pennsylvania 

Vector Core) was injected bilaterally at two rostrocaudal levels of the ACC (4 total 

injections). Relative to bregma (dorsal-ventral coordinates were measured from the brain 

surface), the coordinates for injections were 1) anterior (A)-posterior (P): +1.34 mm, 

medial (M)-lateral (L): ± 0.3 mm, dorsal (D)-ventral (V): -1.25 mm; and 2) A-P: +0.74 

mm, M-L: ± 0.3 mm, D-V: -1.00 mm. For in vivo optogenetic inhibition of ACC afferents 

in the claustrum, a similar AAV vector expressing halorhodopsin (AAV5-hSyn-

eNPhR3.0-eYFP; University of Pennsylvania Vector Core) was injected at the same ACC 

coordinates using the same volume. Control mice for in vivo optogenetic experiments 

were injected with an AAV vector expressing only eYFP (AAV5-hSyn-eYFP; University 

of Pennsylvania Vector Core) at the same ACC coordinates using the same volume. 

AAV5-hSyn-GCaMP6f (University of Pennsylvania Vector Core) was injected bilaterally 

into the ACC at the same coordinates and using the same volume in mice used for in vivo 

fiber photometry. Fiber photometry recordings were unilateral but bilateral injections 

were performed because claustrum receives bilateral ACC input (Smith and Alloway, 

2010; White et al., 2018). 

For targeted whole-cell recordings and ex vivo optogenetic activation of PV+ 

interneurons 80-110 nL of AAV vectors expressing loxP-flanked double inverted open 

reading frames (DIO) of eYFP (AAV5-eF1a-DIO-eYFP; University of Pennsylvania 

Vector Core) or ChR2 (AAV9-EF1a-DIO-ChR2-eYFP; University of Pennsylvania 

Vector Core), respectively, were injected bilaterally at two rostrocaudal levels of the 

claustrum (4 injections) in PV-cre mice. Relative to bregma, claustrum coordinates were 
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1) anterior-posterior: +1.34 mm, medial-lateral ± 2.3 mm, dorsal-ventral (from the brain 

surface): -2.35 mm; and 2) anterior-posterior: +0.86 mm, medial-lateral ± 2.75 mm, 

dorsal-ventral (from the brain surface): -2.55 mm.  

For ex vivo optogenetic activation of afferents from combinations of primary and 

secondary sensory cortices in the claustrum, 185 nL of the same ChR2-expressing AAV 

described above for ACC afferent stimulation was injected bilaterally into two different 

primary sensory cortices at two different rostrocaudal levels of each targeted brain area (8 

total injections). For all experiments employing viral injections, mice were at least 6 

weeks of age prior to injection and viral incubation was no fewer than 4 weeks. 

Mice used for in vivo optogenetics experiments were implanted bilaterally with 

chronic indwelling fiber optic implants into either ACC or claustrum. Fiber optic 

implants were custom-made using high NA (0.66) fiber (Prizmatix Ltd; Giv’at Shmuel, 

Israel) epoxied into ceramic ferrules (ThorLabs Inc; Newton, NJ) and affixed to the skull 

with dental cement. Mice used for in vivo fiber photometry received a unilateral implant 

into claustrum, which was custom-made from low (0.22) NA fiber and ceramic ferrules 

(ThorLabs Inc; Newton, NJ). Fiber implant placement relative to ACC afferents 

expressing ChR2 or GCaMP6f in the claustrum was confirmed post-hoc using 

immunohistochemistry. The light path angle (θ) was approximated to ensure accurate 

implantation using the known refractive index (n) of cortical tissue
 
(Sun et al., 2012) and 

the respective fiber NA according to the following formula: NA = nsinθ. The distance of 

light penetration for GCaMP6f detection and ChR2 activation was approximated using 

previous estimates for each technique
 
(Al-Juboori et al., 2013; Cui et al., 2013). 
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Five-choice serial reaction-time task (5CSRTT). 5CSRTT (Dalley et al., 2004; Muir et 

al., 1996; Passetti et al., 2002; Robinson et al., 2008)
 
was performed in four mouse 

operant chambers equipped with the 5CSRTT wall module (Med Associates; St. Albans, 

VT) and housed within sound-attenuating cabinets. Briefly, the 5CSRTT required a 

mouse to nose poke into one of five illuminable apertures mounted into a curved wall. On 

each trial, the correct aperture was pseudo-randomly selected (cue) and illuminated for 1 

s after a 5 s inter-trial interval (ITI) had elapsed. Responses could be made during the cue 

and up to 5 s after the cue. Correct nose pokes a sucrose pellet to dispense and 

illumination of the pellet receptacle recessed within the wall opposite the 5CSRTT wall 

module. A new trial did not begin until the reward was retrieved and a fixed 5 s reward 

consumption period elapsed. Nose pokes into the incorrect aperture, omissions, and nose 

pokes during the ITI resulted in a 5 s time out period, during which the house light was 

extinguished. Any nose poke during the time out period restarted the 5 s time out. 

Before experiments, mice progressed through habituation, shaping, and training 

stages. In the habituation phase, mice were placed within the operant chamber for two 15 

min sessions. Sucrose pellets were available in the receptacle. All of the chamber lights 

(i.e. house, receptacle, and 5CSRTT wall lights) remained on for the duration of the 

sessions. Mice were then shaped in two phases. In the first phase, all 5CSRTT apertures 

were active and remained illuminated indefinitely. Any nose poke was rewarded. 

Apertures were initially loaded with reward sucrose pellets. After 30 nose pokes in a 30 

min session, mice progressed to the second phase of shaping. In the second phase, only 

one aperture was illuminated and only a nose poke into the illuminated aperture was 

rewarded. Incorrect pokes did not result in a time out and the aperture was illuminated 
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indefinitely. After 30 correct nose pokes in a 30 min session, mice progressed to the 

5CSRTT training stage. 5CSRTT training used the same timing and response 

contingencies described above in the final 5CSRTT task except for the cue 

duration/limited hold period. In the first training phase, the cue duration was 10 s with a 

15 s limited hold. After achieving 60% choice accuracy and 30 responses within a 

session, mice progressed to the second training phase, in which the cue duration was 5 s 

with a limited hold of 5 s. After achieving 60% accuracy and 30 responses within a 

session, mice progressed to the final 5CSRTT task used for experiments (i.e. 1 s cue with 

5 s limited hold). Mice were over-trained until again achieving 60% accuracy and 30 

responses in session. Subsequent to 5CSRTT experimental sessions, mice were trained to 

perform a one-choice modification of the 5CSRTT (1CSRTT). All aspects of the task 

remained the same, except the middle aperture was illuminated and active on every trial. 

In experimental sessions, 470 nm light was delivered as described above for the 5CSRTT 

at 0.5 s before the onset of the cue.  

For optogenetic experiments, 470 nm light was delivered bilaterally during 

experimental sessions using an LED system (Plexon Inc; Dallas, TX); light delivery was 

randomized using the Med Associates software, MedPC, to occur on 33% of trials during 

the ITI period for 0.5 s at a frequency of 40 or 10 Hz. Stimulation was delivered at 0.5, 

0.75, 1, or 3 s before the onset of the cue, with the time of delivery fixed within a session. 

A session ended after 100 trials or 30 min, whichever occurred first. For each 

experimental manipulation, data was averaged across five sessions.  

The unpredictable presentation of a distractor before the onset of the cue was used 

previously to assess attentional deficits (Carli et al., 1983; Gendle et al., 2004). On 
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sessions in which a visual distractor was presented, an LED was placed 2.5 inches above 

the middle aperture of the five-choice wall. Distractor delivery, in the form of 40 Hz 

blinking of the LED, also occurred pseudo-randomly on 33% of trials during the ITI 

period 0.5 s pre-cue and for a duration of 0.5 s. Data was averaged across five sessions. 

For randomized ITI sessions, the ITI was pseudo-randomly selected to be 3, 4, 5, 6 or 7 s.  

 

In vivo fiber photometry. Activity-dependent calcium signals of ACC afferents in the 

claustrum were monitored using time-correlated single photon counting-based fiber 

photometry (Cui et al., 2013, 2014). In brief, photons emitted from a 470 nm pico-second 

pulsed laser (Becker and Hickl; Berlin, Germany) were transmitted through a multimode 

fiber connected to a chronic fiber implant in claustrum. Green photons emitted from 

GCaMP6f expressed in ACC afferents were collected through the multimode fiber, band-

pass filtered, and relayed to a multi-spectral detector (Becker and Hickl). Data collection 

was controlled by a TTL interface with the operant box. Data collection was triggered to 

start at the beginning of each trial (ITI) and lasted for 7 s. For each trial, %ΔF/F was 

calculated using the median signal of the trial as a baseline. %ΔF/F was calculated for the 

GCaMP6f peak signal channel and an off-peak channel spectrally distinct from 

GCaMP6f. Data for each trial type (correct, incorrect, and omission) was averaged for an 

individual session, across sessions (10 for 5CSRTT and 9 for 1CSRTT), and across mice 

for peak and off-peak signals. 

 

Real-time place preference (RTPP) assay. The RTPP apparatus consisted of a two-sided 

chamber connected with a narrow corridor. The RTPP assay consisted of habituation and 
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test sessions. In the habituation session, mice were placed initially in the narrow corridor 

of the chamber and allowed free exploration for 20 min. On the following day, mice 

performed the test session, which paired one side of the chamber with 0.5 s of 10 or 40 

Hz 470 nm light bouts. These bouts were repeated at most every 20 s in order to 

approximate the amount of stimulation that occurred during the 5CSRTT sessions. The 

amount of time spent in each side of the chamber during sessions and ambulatory 

velocity was recorded with EthoVision XT v 11.5 (Noldus, Wageningen, The 

Netherlands). The velocity during the 0.5 s of light delivery and the subsequent 2 s was 

compared to the 2.5 s preceding light delivery to determine any effect of light delivery on 

movement.   

 

Data analysis and statistics. Electrophysiology data were analyzed using Clampex 

software (version 10.4). Statistical analyses were performed in GraphPad (Prism) or R 

statistical packages (version 3.2.3). For this study, including behavioral studies, data 

distributions were assumed to be non-normal and nonparametric tests were 

predominantly utilized, including Wilcoxon rank sum, Mann-Whitney U, and Friedman 

tests as indicated. For in vivo fiber photometry data, a Friedman test with trial type as the 

factor of interest was utilized. Post-hoc Dunn’s test compared omission and incorrect trial 

signal to correct trial signal. For the 5CSRTT, choice accuracy, omission rate, and 

latency to correct responses were compared within subject for stimulation compared to 

control trials. 

 

C. Results 



88 

 

Top-down cortical input from the ACC but not bottom-up cortical input drives 

claustrum output  

Using validated claustrum markers in rat (Mathur et al., 2009), guanine nucleotide 

binding protein, gamma 2 (GNG2) and isomorphic parvalbumin (PV) immunostaining, 

we anatomically delineated mouse claustrum (Figure 3.1A-3.1D). Using this anatomical 

definition, we found that inputs arising from the ACC were rich in the claustrum relative 

to surrounding structures (Figure 3.1E-3.1H). To test the functional consequence of ACC 

afferent stimulation for claustrum output, we performed whole-cell patch clamp 

recordings in acute slices from spiny glutamatergic projection
 
neurons

 
in the claustrum 

(Braak and Braak, 1982; Brand, 1981). While recording we activated ACC afferents 

virally-expressing channelrhodopsin-2 (AAV-ChR2) with 470 nm light. Dendritic spines 

were identified post-hoc. Stimulation at 20 Hz of ACC afferents consistently elicited 

action potential (AP) generation in spiny claustrum neurons (Figure 3.1I, Table 3.1), 

suggesting that top-down ACC inputs to the claustrum drive output of the structure. In 

contrast, bottom-up cortical inputs arising from primary visual (V1) and somatosensory 

(S1) cortices were sparse (Figure 3.1J-3.1M). In addition, optogenetic activation of 

ChR2-expressing afferents from various primary, secondary and association cortices, 

individually or in combination, only elicited small excitatory post-synaptic potentials and 

not AP firing in claustrum projection neurons (Figure 3.1N; Table 3.1). As such, bottom- 

up cortical inputs to the claustrum may only provide modulatory excitation in contrast to 

top-down input arising from the ACC. 
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Figure 3.1: Top-down anterior cingulate cortex (ACC) inputs drive claustrum 

output whereas bottom-up cortical inputs from primary sensory and motor cortices 

only modulate output. (A-D). Identification and validation of mouse claustrum 

anatomical boundaries. (A) Parvalbumin (PV) immunostaining revealed the location of 

the mouse claustrum (white box): lateral to the external capsule (EC) and medial to 

insular cortex (IC). (B-D) PV immunostaining was isomorphic with immunostaining for 

guanine nucleotide binding protein, gamma 2 (GNG2) and delineates claustrum borders 

(dotted line). (E-H) Injection of the anterograde tracer biotinylated dextran amine (BDA, 

10,000 MW) into the ACC densely labeled ACC axon terminals in the PV-delineated 

claustrum but not surrounding structures. (I) Schematic and representative trace of a 

claustrum (CL) spiny projection neuron that fired action potentials (APs) in response to 

20 Hz optogenetic activation of ACC afferents expressing channelrhodopsin-2 (AAV-

ChR2). (J, K) Injection of BDA into primary visual cortex (V1) resulted in sparse 

labeling terminals in the claustrum. (L, M) Injection of BDA into primary somatosensory 

cortex (S1) resulted in sparse labeling of terminals in the claustrum. (N) Representative 

traces of excitatory post-synaptic potentials recorded from claustrum neurons in response 

to 20 Hz optogenetic activation primary auditory (A1) and V1 cortical afferents (top) or 

primary motor (M1) and S1 cortical afferents (bottom). Horizontal scale bars = 200 µm 

(B-D, F-H, K, M); 2 s (I, N); Vertical scale bars = 30 mV (I, N). 
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Circuit % Responsive 
% Firing/ 

Responsive 
N 

ACC → CL 100 100 14 

M1 + S1 → CL 33.3*** 0** 9 

A1 + V1 → CL  40** 0*** 10 

S2 + V2 → CL 81.8 0**** 11 

PtA → CL 0**** N/A 5 

 

Table 3.1: Summary of claustrum spiny projection neuron responses to optogenetic 

activation of afferents from various cortical sources. For each cortical afferent source 

to claustrum (CL), the percentage of spiny projection neurons that exhibited PSPs or APs 

(% Responsive), the percentage of these responsive neurons that fire APs (% 

Firing/responsive), and the total number of neurons recorded are presented (n). The 

proportion of responsive neurons and responsive neurons that fire APs was compared 

between ACC afferent stimulation and each other afferent source tested. Fisher’s exact 

test, ** P < 0.01, *** P < 0.005, **** P < 0.0001. Abbreviations: anterior cingulate 

(ACC), primary motor (M1), primary somatosensory (S1), primary auditory (A1), 

primary visual (V1), secondary somatosensory (S2), secondary visual (V2), parietal 

association (PtA) cortices. 

 

 

 

 

 

 

 

 

 

 

 

 



92 

 

ACC claustrum circuitry encodes a top-down expectation signal that is proportional 

to task load 

To test if ACC afferents to the claustrum encode top-down signals, we employed 

the five-choice serial reaction time task (5CSRTT; Dalley et al., 2004; Muir et al., 1996; 

Passetti et al., 2002; Robinson et al., 2008) a cognitively demanding task that requires 

top-down processing (Awh and Jonides, 2001; Desimone and Duncan, 1995; Kastner and 

Ungerleider, 2000; Mesulam, 1990; Robbins, 2002). We first assessed whether the fixed 

inter-trial interval (ITI) version or the randomized ITI version of the task more effectively 

recruits top-down processing by displaying a light distractor immediately prior to the cue 

onset. Mouse performance accuracy was greater on the fixed ITI version of the task in the 

presence of a visual distractor as compared to performance accuracy on the random ITI 

version of the task with a visual distractor. This suggests a degree of top-down filtering of 

the distractor is occurring on the fixed ITI 5CSRTT (Figure S3.1A-S3.1C). As such, we 

employed the standard fixed ITI version of the task (without visual distractors) for 

subsequent experiments. While mice performed the fixed ITI 5CSRTT task, we 

monitored the calcium-dependent activity of ACC afferents transfected with GCaMP6f 

(AAV-GCaMP6f) in the claustrum using fiber photometry (Figure 3.2A). We examined 

signal from the channel corresponding to the peak GCaMP6f signal, and an off-peak 

channel to detect artefactual signal changes (Figure 3.2B). We confirmed the location of 

the multimode fiber implantation and light path in the claustrum post-hoc (Figure 3.2B). 
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Figure S3.1: Fixed inter-trial interval (ITI) five-choice serial reaction time task 

(5CSRTT) recruits greater attentional filtering relative to the randomized ITI 

5CSRTT. Related to Figure 3.2. (A) A 40 Hz blinking visual distractor (0.5 s before cue 

onset) was presented on 33% of trials while mice performed the fixed ITI 5CSRTT or (B) 

the randomized ITI 5CSRTT. (C) The decrease in accuracy on distractor trials relative to 

control trials was greater for the randomized ITI 5CSRTT (randomized; blue symbols) 

compared to the fixed ITI 5CSRTT (fixed; gray symbols; n = 15). Wilcoxon rank sum 

test, ** P < 0.01. 
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Figure 3.2: ACC inputs to claustrum encode a top-down expectation signal 

proportional to task load. (A) Experimental schematic showing the five-choice serial 

reaction time task (5CSRTT) with a fixed inter-trial interval (ITI) and AAV-GCaMP6f 

injection into ACC for monitoring of calcium-dependent activity of ACC afferents in the 

claustrum using fiber photometry. (B) Left: representative section showing the 

multimode fiber implant (white box) and estimated light path (dotted lines) that targeted 

claustrum. Right: GCaMP6f peak and off-peak (control) signals were monitored during 

trials. Pink represents highest photon counts. (C) Averaged traces are shown of percent 

fluorescence changes of ACC afferents in claustrum during 5CSRTT performance 

normalized to baseline (%ΔF/F) for correct, incorrect, and omission trials. During the 2 s 

interval preceding the cue onset %ΔF/F was greater on correct trials relative to incorrect 

and omission trials (Friedman test, P < 0.01; post-hoc Dunn’s test, * P < 0.05, ** P < 

0.01; n = 7). (D) Averaged trace is shown of ACC afferent %ΔF/F activity for correct 

trials performed during the one-choice serial reaction time task, a sensory-motor control 

task. ACC afferent activity 2 s prior to light cue delivery during correct trials on the 

5CSRTT was greater relative to the 1CSRTT (Wilcoxon rank sum test, * P < 0.05; n = 

7). Horizontal scale bars = 200 µm. Vertical scale bar = 1% ΔF/F. 
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Activity of the ACC → claustrum afferents on correct trials was selectively increased 

prior to presentation of the cue compared to incorrect and omission trials (Figure 3.2C), 

supporting a role in top-down signaling. Signals from the off-peak channel were 

unchanged in all trial types (Figure S3.2). To test if the elevated circuit activity is specific 

to the cognitive demand or rather the sensory/motor integration aspect of the task, mice 

were trained to perform a a one-choice serial reaction time task (1CSRTT) in which the 

same aperture is illuminated on every trial. Relative to correct 5CSRTT trials, ACC 

afferents in the claustrum exhibited significantly less activity on 1CSRTT correct trials 

(Figure 3.2D), suggesting that the circuit likely encodes task components relating to the 

cognitive demand. 

 

ACC claustrum circuitry is critical for top-down cognitive control of action 

To causally test a role for the ACC → claustrum circuit in 5CSRTT performance, we 

optogenetically manipulated this circuit using either viral expression of ChR2 (AAV-

ChR2) or halorhodopsin (AAV-eNpHR3.0) in the ACC. Control mice solely expressed a 

fluorophore in the ACC (AAV-eYFP; Figure 3.3A). We confirmed the placement of the 

fiber optic implant and light path in the claustrum post-hoc (Figure 3.3B).   We found that 

spiny projection neurons exhibited faithful activation in response to low frequency (10 

Hz) optogenetic stimulation of ACC afferents and a loss of action potential (AP) 

generation in response to high frequency (40 Hz) stimulation (Figure 3.3C). Notably, 40 

Hz light delivery did not alter the ability of claustrum neurons to fire in response to an 

electrical stimulus delivered by a stimulating electrode placed near the recorded neurons,  
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Figure S3.2: Off-peak fluorescence changes during 5CSRTT. Related to Figure 3.2. 

Averaged traces of percent fluorescence changes of an off-peak (spectrally shifted from 

GCaMP6f) wavelength during 5CSRTT performance normalized to baseline (%ΔF/F) for 

correct, incorrect, and omission trials are shown. %ΔF/F signals were not different during 

the 2 s interval preceding the cue onset on correct trials relative to incorrect and omission 

trials. Friedman test, P = NS. Vertical scale bar = 1 %ΔF/F. 
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suggesting that the 40 Hz optogenetic activation was specific to altered ACC terminal 

function (Figure S3.3A). We therefore used 0.5 s of 10 or 40 Hz 470 nm stimulation of 

ACC afferents to achieve bidirectional control of the ACC → claustrum circuit prior to 

cue onset in the 5CSRTT (Figure 3.3D), a method similar to that established by Liske et 

al. (2013). In AAV-eYFP control mice, we also delivered 0.5 s of 40 Hz light to the 

claustrum prior to the onset of the cue (Figure 3.3D), which did not alter choice accuracy, 

omission rate, or correct response latency relative to within session trials on which light 

was not delivered (Figure 3.3E). Stimulation of ACC afferents in the claustrum at 10 Hz 

in AAV-ChR2 mice also did not result in any changes in any of these metrics relative to 

within session control trials (Figure 3.3F). In contrast, stimulation of ACC afferents at 40 

Hz in AAV-ChR2 mice led to a specific deficit in choice accuracy, the working metric 

definition for attention on 5CRSTT (Dalley et al., 2004; Muir et al., 1996; Passetti et al., 

2002; Robinson et al., 2008), compared to within session control trials, while omission 

rate and correct response latency were unchanged (Figure 3.3G). To understand the 

extent of the temporal window of ACC → claustrum circuit activity critical for optimal 

5CSRTT performance, we also delivered 0.5 s of 40 Hz stimulation at 0.75, 1 or 3 s prior 

to the cue. Choice accuracy was also reduced with 40 Hz stimulation at 0.75 and 1 s prior 

to the cue but not at 3 s (Figure S3.3B). At 0.75 s prior to the cue, 40 Hz stimulation also 

increased omission rate and correct response latency (Figure S3.3B). Light delivery prior 

to the cue did not affect choice accuracy, omission rate, or correct response latency, in 

AAV-eYFP control mice at any time point (Figure S3.3C).  

We next examined the deficit in nose-poke accuracy from a visual distractor 

presented 0.5 s prior to the cue and found it was comparable to the deficit in poke 
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accuracy induced by optogenetic disruption in the AAV-ChR2 group (Figure 3.3H). 

Thus, poke accuracy is consistent with the operational definition of attention from past 

reports (Dalley et al., 2004; Muir et al., 1996; Passetti et al., 2002; Robinson et al., 2008). 

Consistent the concept that the claustrum encodes the cognitive load of the task, 40 Hz 

light delivery in AAV- ChR2 mice during the 1CSRTT was less detrimental to choice 

accuracy compared to the 5CSRTT (Figure 3.3I). In AAV-eYFP mice, the effect of 40 

Hz blue light delivery on choice accuracy was not different between 5CSRTT and 

1CSRTT (Figure 3.3I). Optogenetic manipulations had no impact on movement velocity 

or real-time place preference/aversion in any group (Figure S3.4A-S3.4F), underscoring 

the attentional specificity of the deficits. 

To control for possible antidromic spiking induced by 40 Hz ChR2 activation, we 

used mice injected with halorhodopsin-expressing virus into the ACC (AAV-eNPhR3.0) 

to inactivate the ACC → claustrum circuit with 470 nm light for 1 s prior to the cue. We 

demonstrate 470 nm light is sufficient to abolish AP generation in eNPhR3.0-expressing 

neurons (Figure 3.3J); we used blue light as red-shifted light frequencies led to choice 

accuracy deficits in control mice (data not shown). Consistent with our prior findings, the 

activation of eNPhR3.0 in ACC terminals of claustrum prior to the cue led to a selective 

deficit in choice accuracy relative to within session control trials and did not alter 

omission rate or correct response latency (Figure 3.3K). In addition, the deficit in 

accuracy on inactivation trials was greater during the 5CSRTT compared to the 1CSRTT 

control task (Figure 3.3L).    
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Figure 3.3: Optogenetic disruption of ACC claustrum circuitry impairs 5CSRTT, 

but not 1CSRTT, performance. (A) Enhanced yellow fluorescent protein (AAV-eYFP), 

ChR2 (AAV-ChR2) or halorhodopsin (AAV-eNPhR3.0) were virally expressed in the 

ACC and fiber optic implants were placed in the claustrum (n = 7, n = 9 and n = 7, 

respectively). (B) Representative section showing the optical fiber implant (white box) 

and estimated light path (dotted lines) in the claustrum. (C) Claustrum projection neurons 

did not faithfully fire to 0.5 s of 40 Hz light delivery (n = 10 of 10). (D) For AAV-eYFP 

and AAV-ChR2 mice, 0.5 s of 10 or 40 Hz light train was delivered 0.5 s prior to cue 

onset. For AAV-eNPhR3.0 mice, continuous light was delivered for 1 s prior to the light 

cue. (E) Choice accuracy, omission rate and correct response latency of AAV-eYFP mice 

was not different on 40 Hz stimulation trials (blue symbols) compared to control trials 

(gray symbols). (F) Choice accuracy, omission rate and correct response latency of AAV-

ChR2 mice was not different on 10 Hz stimulation trials (blue symbols) compared to 

control trials (gray symbols). (G) Choice accuracy but not omission rate or correct 

response latency of AAV-ChR2 mice was reduced on 40 Hz stimulation trials (blue 

symbols) compared to control trials (gray symbols). (H) In AAV-ChR2 mice, the 

decrease in choice accuracy on 40 Hz stimulation trials (blue symbols) was similar to the 

decrease in accuracy on trials paired with a blinking visual distractor in separate sessions 

(0.5 s pre-cue; gray symbols; n = 9). (I) Left: In AAV-eYFP mice, the change in accuracy 

on trials paired 40 Hz stimulation did not differ between 5CSRTT and 1CSRTT. Right: 

In AAV-ChR2 mice, the reduction in accuracy on 40 Hz stimulation trials was greater 

during the 5CSRTT compared to 1CSRTT. (J) In acute slices, continuous 470 nm light 

delivery (blue bar) abolished firing of a neuron expressing eNPhR3.0 (n = 3 of 3) during 

a +30 mV voltage step. (K) Choice accuracy but not omission rate or correct response 

latency of AAV-eNPhR3.0 mice was reduced on 1 s continuous stimulation trials (blue 

symbols) compared to control trials (gray symbols). (L) In AAV-eNPhR3.0 mice, the 

reduction in accuracy on 1 s continuous stimulation trials was greater during the 5CSRTT 

compared to 1CSRTT. Wilcoxon rank sum test, * P < 0.05, *** P < 0.005. Horizontal 

scale bar = 200 µm (B); 200 ms (C); 500 ms (J). Vertical scale bar = 30 mV (C, J).  
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Figure S3.3: Optogenetic stimulation of ACC afferents in claustrum at 40 Hz does 

not prevent action potential generation in spiny claustrum neurons and elicits 

5CSRTT accuracy deficits when given within 3 s of 5CSRTT cue presentation. 

Related to Figure 3.3. (A) Spiny claustrum neurons that failed to faithfully generate APs 

in response to 40 Hz stimulation (500 ms; blue bars) of ACC afferents exhibit an AP in 

response to local electrical stimulation (arrow) during 40 Hz stimulation of ACC 

afferents (n = 5 of 5). Horizontal scale bar = 300 ms. Vertical scale bar = 30 mV. (B) 

Left: AAV-ChR2 mice were less accurate on trials paired with 0.5 s 40 Hz 470 nm 

stimulation of ACC afferents in the claustrum at 0.5, 0.75 or 1 s prior to the light cue 

(blue symbols) relative to control trials (black symbols). Trials paired with 0.5 s 40 Hz 

light train delivered 3 s prior to the cue did not differ from control trials. Right: Delivery 

of the 0.5 s 40 Hz light train to the claustrum (blue symbols) in AAV-ChR2 mice 

increased omission rate (closed symbols) and latency (open symbols) only when 

delivered at 0.75 s before cue onset relative to control trials (black symbols) and had no 

effect at all other time points. (C) Left: Accuracy of AAV-eYFP mice was not different 

on trials paired with a 0.5 s 40 Hz light train at any time point. Right: 40 Hz light delivery 

in AAV-eYFP mice (blue symbols) did not alter omission rate (closed symbols) or 

latency (open symbols) compared to control trials (black symbols). Wilcoxon rank sum 

test, * P < 0.05, ** P < 0.01, *** P < 0.005. 
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Figure S3.4: Optogenetic activation of ACC → claustrum circuitry at 10 Hz or 40 

Hz during a real-time place preference assay. Related to Figure 3.3. (A) Ambulatory 

velocity during 0.5 s 40 Hz 470 nm light delivery to the claustrum in AAV-eYFP control 

mice and including the 2 s following light delivery (blue bar) was unchanged relative to 

the 2.5 s preceding light exposure (white bar; n = 5). (B) Ambulatory velocity during 0.5 

s 10 Hz light delivery to the claustrum in AAV-ChR2 mice and including the 2 s 

following light delivery (blue bar) was unchanged relative to the 2.5 s preceding light 

delivery (white bar; n = 7). (C) Ambulatory velocity during 0.5 s 40 Hz light delivery in 

AAV-ChR2 mice and including the 2 s following light delivery (blue bar) was unchanged 

relative to the 2.5 s preceding light delivery (white bar; n = 7). (D) Top: AAV-eYFP mice 

did not show a real-time place preference or aversion for the side of the chamber paired 

with 0.5 s 40 Hz 470 nm light delivery to the claustrum (blue bar) relative to the unpaired 

side (white bar, n = 5). Bottom: Representative heat map of time spent in the light-paired 

(right) and the unpaired side (left). Hot colors denote more time and cool colors denote 

less time. (E) Top: AAV-ChR2 mice did not show a real-time place preference or 

aversion for the side of the chamber paired with 0.5 s 10 Hz 470 nm light delivery to the 

claustrum (blue bar) relative to the unpaired side (white bar, n = 7). Bottom: 

Representative heat map of time spent in the light-paired (right) and the unpaired side 

(left). (F) Top: AAV-ChR2 mice did not show a real-time place preference or aversion 

for the side of the chamber paired with 0.5 s 40 Hz 470 nm light delivery to the claustrum 

(blue bar) relative to the unpaired side (white bar, n = 7). Bottom: Representative heat 

map of time spent in the light-paired (right) and the unpaired side (left). 
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ACC afferent activation recruits diverse claustral microcircuits 

If the claustrum functions as part of a top-down executive network, it is critical to 

understand how claustrum processes top-down input. We used whole-cell patch clamp 

recordings to first examine the responsivity of claustrum microcircuit components to 

optogenetic ACC afferent stimulation (Figure 3.4A). Microcircuit components consisted 

of spiny neurons, which are known excitatory projection neurons, and aspiny neurons, 

which are known inhibitory interneurons (Braak and Braak, 1982; Brand, 1981). Aspiny 

neurons were further subdivided into PV+ and PV- subtypes, which is consistent with the 

finding that the claustrum is richly parvalbumin (PV)-immunopositive
 
(Mathur et al., 

2009).  

We recorded from spiny neurons and observed two types of responses to ACC 

afferent stimulation: a predominantly monosynaptic input with a polysynaptic component 

(Figure 3.4B) or a purely polysynaptic response. In neurons with a monosynaptic input, 

we observed faster post-synaptic current (PSC) decay times after application of 

tetrodotoxin (TTX) and 4-aminopyridine (4-AP; Figure 3.4C). A high-chloride internal 

pipette solution magnified polysynaptic PSCs in spiny neurons, suggesting that 

polysynaptic PSCs have an inhibitory component (Figure 3.4D).  Also, we observed 

multiple fast inward PSCs followed by a slow outward PSC at holding potentials beyond 

ECl- (Figure S3.5A and S3.5B), suggesting that the polysynaptic component is derived 

from both excitatory and inhibitory microcircuits. PV- and PV+ aspiny neurons also 

exhibited multiple fast inward PSCs beyond ECl- (Figure S3.5B). These lines of evidence 

suggest that the ACC recruits excitatory and inhibitory claustral microcircuits, which 

elaborates upon previous work
 
(Kim et al., 2016). 
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We next recorded from PV- and PV+ aspiny interneurons. Firing of claustral PV- 

interneurons was seldom observed in response to ACC afferent stimulation. PSCs were 

predominantly monosynaptic in nature (Figure 3.4F). In contrast, PV+ interneurons 

exhibited burst firing in response to ACC stimulation; monosynaptic input onto these 

cells was also prevalent (Figure 3.4G). These results suggest that PV+ neurons may 

provide feedforward inhibition. Supporting this, we found that PV+ interneuron 

optogenetic activation abolishes firing of spiny neurons (Figure 3.4H), and aspiny PV- 

interneurons (n = 3 of 3). Interestingly, we observed large, frequent spontaneous 

inhibitory PSCs in spiny neurons that were mediated by GABAA receptors (Figure 3.4I), 

which suggests spiny claustrum neurons are under a strong inhibitory tone. A summary 

depiction of claustrum macro- and micro-circuitry findings is presented in Figure S3.6. 

 

Claustrum transformation of ACC signals is frequency- and inhibitory microcircuitry-

dependent 

We next explored how the claustrum transforms ACC input. We initially observed 

that claustrum projection neurons burst fired in excess of 100 Hz in response to a fixed 

frequency of ACC afferent stimulation (see Figure 3.1I; Figure 3.5A). We measured the 

AP burst frequency and the number of APs generated by claustrum spiny projection 

neurons in response to optogenetic activation of ACC afferents for 4 s of 1, 5, 10, or 20 

Hz stimulation trains (Figure 3.5B). Throughout 1Hz and 5 Hz ACC afferent stimulation 

trains, claustrum spiny projection neurons generated high frequency bursts of APs at 1 Hz 

or 5 Hz input frequencies. At 10 or 20 Hz input, claustrum spiny neurons initially  
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Figure 3.4: Claustrum neuron responsivity to ACC input. (A) Experimental 

schematic showing postsynaptic responses of claustrum spiny projection neurons (red), as 

well as PV- (purple) and PV+ (blue) aspiny interneurons were recorded in response to 

optogenetic ACC stimulation. (B) Normalized postsynaptic currents (PSCs) recorded at -

60 mV from spiny projection neurons before (black trace) and after application of 

tetrodotoxin (TTX; 500 nM) with 4-aminopyridine (4-AP; 100 µM; red trace). Most 

spiny neurons (n = 14 of 18; dark red bar) received a monosynaptic (m) input from the 

ACC and fewer (n = 4 of 18; light red bar) received exclusively a polysynaptic (p) input. 

(C) TTX with 4-AP application (red bar) resulted in faster PSC decay kinetics (white bar; 

n = 10). Wilcoxon rank sum test, * P < 0.05. (D) Polysynaptic PSC magnitude was larger 

with a CsCl-based, high-chloride internal recording pipette solution (red trace; -1,616 ± 

359 pA; mean ± SEM; n = 4) compared to a CsMeSO3-based, low chloride internal 

solution (black trace; -445 ± 54 pA; mean ± SEM; n = 5). Mann Whitney U test, P < 

0.05. (E) Representative traces of spiny neurons responses to ACC afferent stimulation in 

current clamp (top) and voltage clamp (bottom) configuration. A majority of spiny 

neurons exhibited synaptic depression during stimulation (n = 12 of 14). (F) Excitatory 

postsynaptic potentials (EPSPs) from an aspiny PV- claustrum neuron in response to 

ACC afferent stimulation. A majority of PV- neurons received a monosynaptic ACC 

input (purple trace; n = 7 of 9, dark purple bar). (G) Robust AP generation in a PV+ 

neuron during ACC afferent stimulation. A majority of PV+ neurons received a 

monosynaptic ACC input (n = 8 of 9, dark blue). (H) Optogenetic activation of PV+ 

interneurons rapidly abolished AP firing of claustrum spiny neurons that was elicited by 

current injection (n = 14 of 14). (I) Frequent spontaneous inhibitory postsynaptic current 

(sIPSC) events recorded at a holding potential of -60 mV from spiny neurons in the 

presence of NBQX (5 µM) and APV (50 µM; black trace) were abolished in the presence 

the GABAA blocker GABAzine (10 µM; red trace; n = 10 of 10). Horizontal scale bars = 

100 ms (B, D, F [right], G [right]); 200 ms (F [left], G [left], H); 10 s (I). Vertical scale 

bars = 500 pA (B); 30 mV (F, G, H); 100 pA (I). 
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Figure S3.5: ACC afferent optogenetic activation elicits polysynaptic excitatory 

postsynaptic currents (EPSCs) in claustrum neurons. Related to Figure 3.4. (A) 

Chloride currents evoked with electrical stimulation in the presence of NBQX (5 µM) 

and APV (50 µM). The chloride equilibrium (ECl) for spiny claustrum neurons was -50.0 

± 5.4 (mean ± SD; n = 5; CsMeSO3-based internal pipette solution). (B) A spiny neuron 

exhibiting an excitatory polysynaptic current (black dot) in response to ACC afferent 

stimulation (-46 mV holding potential). Excitatory polysynaptic currents were observed 

in a vast majority of spiny (n =13 of 14), aspiny PV- (n = 8 of 9), and PV+ neurons (n = 8 

of 9). Excitatory polysynaptic responses were isolated using holding potentials beyond 

that of the ECl. Horizontal scale bars = 100 ms (A); 25 ms (B). Vertical scale bars = 250 

pA (A); 200 pA (B). 
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Figure S3.6: Summary schematic of claustrum macro- and micro-circuitry. Related 

to Figure 3.4. Spiny neurons (red), aspiny PV- (purple), and aspiny PV+ neurons (blue) 

receive monosynaptic input from the ACC (gray). All claustrum neuron types exhibit 

excitatory polysynaptic currents in response to ACC afferent optogenetic stimulation, 

which may arise from excitatory intraclaustral input from spiny neurons. In addition, all 

claustrum neuron types exhibit inhibitory polysynaptic currents in response to ACC 

afferent stimulation that arise in part from strong inhibitory input from PV+ neurons. 

Spiny projection neurons receiving input from the ACC project to downstream cortical 

targets.  
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amplified but underwent a subsequent decay in firing output (Figure 3.5B). At 20 Hz 

ACC input claustrum output was mostly abolished by the end of stimulation.  

To determine how GABAergic microcircuitry shapes these responses, we 

delivered the various ACC afferent stimulation frequencies in the presence of the 

GABAA blocker GABAzine. GABAzine elicited prolonged epileptiform-like responses 

in these neurons (Figure 3.5C) and prolonged PSCs (Figure 3.5C). Comparing 

frequencies of AP firing with and without GABAzine treatment at the first pulse and at 

the last light pulse across the ACC stimulation frequencies using a two-way repeated 

measures ANOVA (Figure 3.5D), we observed a main effect of GABAzine treatment: 

increased output frequency at the first light pulse (P = 0.004) but not the last (P = 0.4). 

Post-hoc analyses revealed this effect was preserved at every stimulation frequency 

(Figure 3.5D). This suggests that GABAergic microcircuits constrain the claustrum signal 

transformation at stimulation onset. Analysis of the number of claustrum spiny projection 

neuron APs in response to each light pulse as a percent change of the input revealed 

largely similar effects (Figure 3.5E). We observed a main effect of GABAzine wherein 

treatment increased the percent change in APs at the first light pulse (P < 0.0001) but not 

at the last pulse (P = 0.6). This effect was consistent across all ACC stimulation 

frequencies, but notably at 1 Hz GABAzine treatment maintained an increased AP output 

as a percentage of the ACC input even at the last pulse compared to baseline (Figure 

3.5E).   
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Figure 3.5: Frequency- and microcircuit-dependent transformation of ACC input to 

claustrum. (A) Representative trace showing frequency of a claustrum projection neuron 

burst fire in response to 20 Hz ACC optogenetic stimulation. (B) Left: average of burst 

firing frequency and frequency of APs between light pulses of claustrum spiny projection 

neurons over time in response to 1, 5, 10, or 20 Hz trains of ACC afferent stimulation (n 

= 10). Right: average number of APs elicited at each light pulse over time in response to 

1, 5, 10, or 20 Hz trains of ACC afferent stimulation (n = 10). (C) Left: representative 

trace of epileptiform response to a single optogenetic ACC afferent stimulation in the 

presence of GABAzine (10 µM). Middle: epileptiform response persisted for multiple 

pulses during a 20 Hz train. . Right: representative trace of an enlarged PSC recorded in 

the presence of GABAzine. (D) Average frequency of projection neuron AP output 

generated by the first (filled bars) or last (unfilled bars) light pulses during ACC afferent 

stimulation in normal aCSF (black) or in GABAzine (10 µM; red). Averages are shown 

for 1, 5, 10, and 20 Hz trains (n = 10). Two-way repeated measures ANOVA revealed a 

significant interaction between ACC stimulation frequency and GABAzine treatment (P 

< 0.0001).  Post-hoc Holm-Sidak test * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001. (E) The average AP output of claustrum spiny projection neurons as a percent 

change from ACC input (e.g. 1) plotted as either the response to the first (filled bars) or 

last (unfilled bars) light pulses in normal aCSF (black) or in the presence of GABAzine 

(10 µM; red). Two-way repeated measures ANOVA revealed a significant interaction 

between ACC stimulation frequency and GABAzine treatment (P < 0.0001). Post-hoc 

Holm-Sidak test * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Horizontal 

scale bars = 50 ms (A, C [middle]); 200 ms (C [left]); 500 ms (C [right]). Vertical scale 

bars = 30 mV (A, C [left], C [middle]); 2 nA (C [right]). 
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D. Discussion 

We find that the claustrum receives a rich innervation from the ACC that drives 

claustrum output and encodes a preparatory signal prior to cue delivery on the 5CSRTT 

task, consistent with known ACC function
 
(Totah et al., 2009). On the 1CSRTT, ACC 

input to the claustrum prior to the signal is relatively diminished. This suggests that this 

expectation signal is proportional to cognitive load. Disruption of ACC → claustrum 

signaling prior to cue onset decreases nose poke accuracy on 5CSRTT. ACC input is 

processed by a microcircuitry that is composed of spiny projection neurons and two 

distinct inhibitory interneuron populations within claustrum: PV- and PV+ aspiny 

neurons. These data demonstrate a circuit mechanism by which the claustrum amplifies 

top-down inputs for the purpose of cognitive control over action. 

That the claustrum preferentially propagates input from ACC and not from 

sensorimotor cortices suggests the claustrum is subservient to top-down circuit function, 

rather than an integrator of sensory cortical information. The lack of claustrum spiny 

projection neuron APs generated by sensorimotor input activation is likely not explained 

by truncation of particular portions of the dendritic arbor specifically receiving 

sensorimotor input as this input to claustrum is relatively sparse (Figure 3.1J-3.1M).  We 

also detect small excitatory postsynaptic potentials in response to stimulation of 

sensorimotor afferents, suggesting the relevant dendritic areas are present. Moreover, 

claustrum dendrites extend radially in all directions (Watakabe et al., 2014), which 

prevents systematic truncation of particular portions of dendrite.  

While it is difficult to distinguish attentional mechanisms from all other cognitive 

processes, our data can be interpreted to suggest that the ACC → claustrum circuit is 
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involved in the attentional component of the 5CSRTT. Optogenetic disruption of ACC 

terminals in claustrum results in a decrease in poke accuracy, the standard metric of 

attention on the 5CSRTT (Dalley et al., 2004; Muir et al., 1996; Passetti et al., 2002; 

Robinson et al., 2008). Moreover, nose poke accuracy is the only metric disrupted when 

mice were challenged with a visual distractor on 5CSRTT. As the claustrum receives 

input from the prelimibic prefrontal cortex, the claustrum may also subserve top-down 

signaling for short-term memory (Delatour and Gisquet-Verrier, 2000; Gisquet-Verrier 

and Delatour, 2006; Smith and Alloway, 2010; Yoon et al., 2008). If claustrum output 

coordinates frontal and parietal cortices, the claustrum may be a key node in the fronto-

parietal network active during attention and short-term memory tasks (Buschman and 

Miller, 2007; Crowe et al., 2013; Kastner and Ungerleider, 2000; Miller and Buschman, 

2013). Further work is necessary to explore the possible role of the claustrum in fronto-

parietal network activation in animal models and human subjects.  

Thalamic nuclei, reciprocally connected with frontal and visual cortices, are 

critical for attention and working memory (Parnaudeau et al., 2013; Pinault, 2004; 

Saalmann and Kastner, 2011; Sherman and Guillery, 2011), and direct connections 

between cortical areas enhance processing of salient visual stimuli
 
(Zhang et al., 2014). 

These findings beg the question of why claustra process frontal input. Cortico-cortical 

inputs from ACC predominantly innervate layers II/III of cortices lower in the cortical 

hierarchy (Barbas and Rempel-Clower, 1997), and thalamic nuclei innervate layers II/III 

and IV (Herkenham, 1980). In contrast, claustral inputs predominantly target deeper 

layers such as IV, V and VI
 
(LeVay and Sherk, 1981), and this may depend on the 

cortical area being innervated by claustrum
 
(Wang et al., 2017). These differences in 
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cortical layer innervation suggest that claustral afferents’ effects on cortical activity may 

differ significantly from those of cortical and thalamic afferents. The claustrum may also 

uniquely process top-down input. Our data demonstrate that ACC monosynaptically 

drives claustrum microcircuitry consisting of spiny projection neurons that target cortex, 

PV- interneurons, and PV+ interneurons. These findings confirm and elaborate upon 

previous work (Kim et al., 2016). In addition, we find that claustrum amplifies 1-10 Hz 

ACC input persistently but 20 Hz ACC input only transiently, and claustrum inhibitory 

microcircuits critically constrain this amplification. The input frequencies undergoing 

optimal amplification by claustrum are in the 1-10 Hz range, which closely aligns with 

sustained firing rates of ACC neurons in a modified 5CSRTT
 
(Totah et al., 2009).   

The top-down circuitry described herein positions the claustrum as a critical node 

for executive control that ultimately guides action. While further work is needed to fully 

understand how claustrum neurons modulate cortical areas, the present data provides 

evidence for a top-down cognitive control system that may undergo perturbation in 

neuropsychiatric illness (Cascella et al., 2011; Morys et al., 1996).  
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Chapter IV – Claustrum circuit components for top-down input processing and 

cortical broadcast
1
 

 

A. Introduction 

The anterior cingulate cortex (ACC) input to the claustrum mediates top-down 

cognitive control (Chapter III; White et al. 2018). Claustrum projection neurons burst fire 

in response to incoming ACC signals, and claustrum inhibitory microcircuitry constrains 

this burst firing response to sculpt claustrum transformation of ACC signals (Chapter III; 

White et al. 2018). Identifying the claustrum projection neuron and inhibitory interneuron 

subtypes is critical to better understand how claustrum processes top-down signals that 

may influence cortex. Moreover, the mechanisms of burst firing are unclear, including if 

burst firing is an intrinsic membrane property of specific types of claustrum projection 

neuron. To more clearly elucidate how claustrum processes incoming ACC information 

for broadcast to downstream cortical sites, we applied standard electrophysiological 

measures that are widely available in neuroscience labs. We discover that passive and 

active membrane properties reveal the presence of two subtypes of spiny projection 

neurons (types I and II) and three subtypes of aspiny interneurons (types III-V) in the 

adult mouse claustrum. We find that burst firing in response to ACC stimulation 

predominantly occurs in type II neurons. To understand if claustrum output signals to 

different cortices may vary, we examine the breakdown of type I and II input to 

primary/secondary visual cortices (V1/V2), parietal association cortex (PtA), and ACC.  

                                                           
1
 White, M.G. and Mathur, B.N. (In submission). Claustrum circuit components for top-down processing 

and cortical broadcast. 
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B. Materials and Methods 

Animals. 68 C57BL/6J wildtype mice, transgenic mice encoding cre recombinase in the 

PV gene (PV-cre; Tanahira et al. 2009; Mathur et al. 2013), and transgenic mice 

encoding TdTomato flanked by loxP sites (Madisen et al. 2010) crossed with PV-cre mice 

(PV-cre x FloxTdTom) of both sexes were used for this study. Mice were 10-34 weeks of 

age at the time of experiments, group-housed with food and water available ad libitum, 

and on a 12 hr light/dark cycle that begin at 0700 each day. This study was performed in 

accordance with the National Institutes of Health Guide for Care and Use of Laboratory 

Animals and the University of Maryland, School of Medicine, Animal Care and Use 

Committee. 

 

Viral vectors, retrograde tract tracing and stereotaxic procedures. All mice were 

anesthetized via inhalation of 3% isoflurane before being placed in a stereotaxic frame 

and anesthesia was maintained with inhalation of 1% isoflurane. A small craniotomy over 

the brain area of interest was made prior to viral or retrograde tract tracer injection. For 

the viral injections into ACC, 150-185 nL of an adeno-associated virus (AAV) vector 

expressing channelrhodopsin-2 (H134R mutation) and an mCherry fluorescent tag under 

the CAG promoter (AAV5-CAG-ChR2-mCherry; University of Pennsylvania Vector 

Core) was injected bilaterally at two rostrocaudal levels of the ACC (4 total injections). 

Post-surgery survival time was a minimum of 4 weeks to permit adequate viral 

expression. For retrograde tract tracing, 13 mice were injected bilaterally with 125 nL of 

the retrogradely transported form of BDA conjugated with Texas Red® (3,000 MW; 



124 

 

Thermo Fisher Scientific) into either primary/secondary visual cortex (V1/V2), parietal 

association cortex (PtA), or ACC at a single rostrocaudal level. Post-surgery survival 

time was approximately one week to allow adequate retrograde transport.  

Relative to bregma (dorsal-ventral coordinates were measured from the brain 

surface), the coordinates for viral injections into ACC were 1) anterior (A)-posterior (P): 

+1.34 mm, medial (M)-lateral (L): ± 0.30 mm, dorsal (D)-ventral (V): -1.25 mm; and 2) 

A-P: +0.74 mm, M-L: ± 0.30 mm, D-V: -1.00 mm. The coordinates A-P: +1.00 mm, M-

L: ± 0.30 mm, D-V: -1.20 mm were used for retrograde tracer injections into ACC. The 

coordinates for V1/V2 retrograde tracer injections were A-P: -2.90 mm, M-L: ± 2.05 mm, 

D-V: -0.40 mm, and coordinates for PtA retrograde tracer injections were A-P: -1.90 mm, 

M-L ± 1.40 mm, D-V: -0.40 mm.  

 

Ex vivo brain slice preparation for electrophysiology. Following anesthetization, mice 

were decapitated, the brains were extracted, and 250 μm coronal sections were sliced 

using a vibrating microtome in a high-sucrose artificial cerebrospinal fluid (aCSF). The 

aCSF was ice-cold, carbogen (95% O2, 5% CO2)-bubbled, and consisted of 194 mM 

sucrose, 30 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, 

and 10 mM D-glucose. Sections were incubated after slicing for 30 min at 33°C in 

carbogen-bubbled aCSF (315-320 mOsm) that contained 124 mM NaCl, 4.5 mM KCl, 2 

mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose. 

Sections were incubated at room temperature until use for whole-cell patch-clamp 

recordings, and recordings were performed in the same aCSF formulation used for 

incubation. 
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Whole-cell current and voltage-clamp recordings. Whole-cell recordings were performed 

at 29°C -31°C using borosilicate glass recording pipettes of 3-7 MΩ resistance. For 

recordings performed in a current clamp configuration, recording pipettes were filled 

with a potassium-based solution (290-295 mOsm; pH 7.3) composed of 126 mM 

potassium gluconate, 4 mM KCl, 10 mM HEPES, 4 mM ATP-Mg, 0.3 mM GTP-Na and 

10 mM phosphocreatine. For recordings performed in a voltage-clamp configuration, 

recording pipettes were filled with a CsMeSO4-based internal solution (300-310 mOsm; 

pH 7.3) composed of 114 mM CsMeSO4, 5 mM NaCl, 1mM TEA-Cl, 10 mM HEPES, 5 

mM QX-314, 1.1 mM EGTA, 0.3 mM Na-GTP, and 4 mM Mg-ATP. Clampex software 

(version 10.4; Molecular Devices; Sunnyvale, CA) was used for electrophysiological 

recordings, which were filtered at 2 kHz and digitized at 10 kHz. Internal pipette 

solutions also contained hydrazide dye conjugated with AlexaFluor®-488 (40 µM) and/or 

3-5% neurobiotin for either real-time or post-hoc, respectively, localization of recorded 

neurons and visualization of dendritic spines. Retrogradely-labeled neurons projecting to 

V1/V2, PtA, or ACC were identified using epifluorescence and targeted for recordings. 

Maximum firing rate of neurons was defined as the spike frequency during the largest 

current injection that did not result in depolarization block over the course of the current 

injection (500 ms). Voltage-gated cation current (VGCC) was elicited by performing a 50 

mV voltage step (-60 to -10 mV) for 500 ms using the CsMeSO4-based internal pipette 

solution. 
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Histochemistry and immunohistochemistry. A specialized protocol to minimize lipid and 

aldehyde auto-fluorescence was utilized
 
(Kupferschmidt et al. 2015)

 
for histochemistry 

and immunohistochemistry of 250 µm brain slices used for whole-cell electrophysiology. 

This protocol was used to illustrate expression of ACC terminals in claustrum and 

claustrum neurons targeted for whole-cell recordings. For these slices, primary rabbit 

anti-mCherry antibody (1:500; Abcam, Cambridge, MA) and secondary donkey anti-

rabbit antibody conjugated to Cy3 (1:500; Jackson ImmunoResearch, West Grove, PA) 

were used to label viral expression of mCherry protein. Streptavidin conjugated to 

AlexaFluor®-488 (1:1,000; Jackson ImmunoResearch) was used to label neurobiotin-

filled neurons. 

 To obtain representative images of retrograde tract tracer injections, mice injected 

with retrograde BDA were transcardially perfused with room temperature 0.1M 

phosphate-buffered saline (PBS), pH 7.2-7.4, followed by ice-cold 4% (weight/volume) 

paraformaldehyde in PBS. After the brain was extracted, brains were post-fixed with 4% 

paraformaldehyde in PBS overnight at 4°C. Coronal sections were sliced using an 

Integraslice 7550 MM vibrating microtome (Campden Instruments, Loughborough, 

England) at a thickness of 50 μm. Sections were immediately mounted and imaged to 

visualize retrograde BDA fluorescence. 

 

Data analysis and statistics. Electrophysiology data were analyzed using Clampex 

software (version 10.4). Statistical analyses were performed in GraphPad (Prism) or R 

statistical packages (version 3.2.3). To assess if the distribution of membrane properties 

was unimodal or bimodal, the fit of a single Gaussian or sum of two Gaussian curves to 
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the distribution was compared. To assess spike accommodation of neurons during current 

injection, accommodation index (AI) was calculated as defined previously (Druckmann 

et al. 2007):  

𝐴𝐼 =  
1

𝑁 − 𝑘 − 1
∑

𝑖𝑠𝑖𝑖 − 𝑖𝑠𝑖𝑖−1

𝑖𝑠𝑖𝑖 +  𝑖𝑠𝑖𝑖−1

𝑁

𝑖=𝑘

 

In this equation N is the number of action potentials, k is the number of initial action 

potentials to exclude, and ISI is the inter-spike interval. The convention k = 4 was used 

initially. This AI calculation returns the average normalized change in inter-spike interval 

across all spikes, and AI was calculated across the 500 ms current injection used to 

calculate the maximum firing rate. AI was also calculated for spiny projection neurons 

for the first 6 APs with k = 0 at the current injection below the current injection eliciting 

maximal firing. For analyses of basic membrane properties, a normal distribution was 

assumed and one-way ANOVAs were performed with neuron type as the factor of 

interest. For one-way ANOVAs reaching statistical significance, post-hoc Tukey’s tests 

were performed in which the mean membrane property of interest for each cell type was 

compared to all other cell types.  

 

C. Results 

Membrane properties delineate two claustrum spiny projection neurons 

A major concern for any study of the rodent claustrum is accurate identification of 

the structure relative to neighboring insular cortex and striatum. Previous studies suggest 

that dense connectivity of claustrum with ACC is isomorphic with claustrum-specific 

markers in the rodent (Mathur et al. 2009; White et al. 2017, 2018). Therefore, we 

injected the ACC of adult mice with a viral vector that expresses channelrhodopsin-2 and 
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mCherry (AAV-ChR2-mCherry; Figure 4.1A). The dense, specific ACC innervation of 

claustrum identified the structure for whole-cell recordings (Figure 4.1B-4.1C) and 

allowed for contemporaneous stimulation of ACC afferents (White et al. 2017, 2018) in 

subsequent experiments. We differentiated claustrum spiny projection neurons from 

aspiny interneurons using recording pipettes filled with AlexaFluor®-488 to visualize 

dendritic spines (Figure 4.1D-4.1E).  

To first identify potential subtypes of spiny projection neurons, we examined the 

distributions of passive membrane properties of these neurons to determine if any of the 

distributions were multimodal. We observed that the capacitance of spiny claustrum 

neurons exhibited a bimodal distribution (Figure 4.2A; single Gaussian fit R
2
 = 0.8038, 

two Gaussian fit R
2
 = 0.9578, F[3, 12] = 14.60, P = 0.0003), indicating the presence of 

two sub-types of claustrum spiny projection neurons: type I neurons characterized by 

smaller capacitance (118 ± 16 pF [mean ± SD]) and type II neurons characterized by 

significantly larger capacitance (158 ± 9.0 pF [mean ± SD]; Figure 4.2A). In contrast to 

capacitance, we observed unimodal distributions for resting membrane voltage (Figure 

4.2B; single Gaussian R
2
 = 0.9193, two Gaussian fit not estimable) and membrane 

resistance (Figure 4.2C; single Gaussian R
2
 = 0.8580, two Gaussians R

2
 = 0.9084, F[3, 8] 

= 1.468, P = 0.2945).  

We next assessed the distributions of active membrane properties of claustrum 

spiny projection neurons. Action potential (AP) threshold, which was measured during a 

current injection ramp (Figure 4.2D), exhibited a unimodal distribution (single Gaussian 

R
2
 = 0.8694, two Gaussian fit not estimable; Figure 4.2E). Maximum firing rate also 

exhibited  
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Figure 4.1: Identification of claustrum using fluorescently-labeled anterior cingulate 

cortex (ACC) afferents. (A) Photomicrograph showing injection of adeno-associated 

virus expressing channelrhodopsin-2 and mCherry tag (purple, pseudo-colored) in ACC. 

(B) Photomicrograph showing ACC afferents expressing mCherry (purple) in the 

contralateral claustrum and neurobiotin-filled spiny claustrum neurons (green) targeted 

for whole-cell electrophysiology. (C) Inset from (B) showing the filled spiny claustrum 

neurons at higher magnification. (D-E) Photomicrograph showing a dendritic process 

from a spiny (D) or aspiny (E) claustrum neuron. Scale bars = 400 µm (B), 100 µm (C), 

10 µm (D, E). 
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Figure 4.2: Membrane properties of spiny claustrum neurons delineate two 

subtypes. (A) Histogram showing distribution of capacitance for spiny claustrum 

neurons. Type I neurons were defined as lower capacitance neurons and type II neurons 

were defined as higher capacitance neurons. (B) Histogram showing the distribution of 

resting membrane voltage. (C) Histogram showing the distribution of membrane 

resistance. (D) Representative trace showing a spiny claustrum neuron firing in response 

to a current injection ramp. (E) Histogram showing the distribution of the action potential 

(AP) threshold. (F) Histogram showing the distribution of the maximum firing rate. (G) 

Representative traces showing type I (top) and type II (bottom) responses to various 500 

ms current injection steps. Inset of black trace shows pattern of spike accommodation for 

APs occurring early in the step. (H) Accommodation index (AI) for the first 6 APs was 

larger for type II neurons compared to type I neurons (top) and AI correlated with 

capacitance (bottom). Unpaired t test, **** P < 0.0001. Horizontal scale bars = 400 ms 

(D), 200 ms (G [left]), 100 ms (G [right]). Vertical scale bars = 30 mV (D, G [top]), 200 

pA (G [bottom]). 
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a unimodal distribution (single Gaussian R
2
 = 0.7625, two Gaussians R

2
 = 0.8847, F[3, 8] 

= 2.826, P = 0.1067; Figure 4.2F). 

To examine differences in the intrinsic firing properties between type I and II 

neurons, we delivered depolarizing voltage steps. For both types, we observed action 

potential (AP) accommodation during the voltage step (Figure 4.2G). However, at the 

onset of depolarization, type II neurons exhibited a rapid AP burst and subsequent APs 

exhibited accommodation. The rapid AP burst was less evident in type I neurons and 

accommodation was not as apparent (Figure 4.2G). We calculated the accommodation 

index for the first 6 spikes and found that the index was indeed larger for type II neurons 

relative to type I neurons (unpaired t test, t[63] = 4.225, P < 0.0001; Figure 4.2H) and 

correlated with capacitance (R
2
 = 0.2949, P < 0.0001; Figure 4.2H). 

 

Membrane properties delineate three types of aspiny claustrum interneurons 

Because the claustrum is richly PV-immunopositive
 
(Mathur et al. 2009) and 

because PV+ interneurons typically exert powerful inhibitory control over projection 

neurons, we sought to differentiate PV- and PV+ interneurons. As reviewed in Chapter I, 

PV- interneurons include those expressing NPY, SOM, and VIP. To this end, we used a 

PV-cre recombinase (PV-cre) mouse line (Tanahira et al. 2009; Mathur et al. 2013) 

crossed with mice expressing the TdTomato gene flanked by loxP sites (FloxTdTom; 

Madisen et al. 2010) to create PV-cre/FloxTdTom mice. In these mice we detected 

enriched TdTomato expression in claustrum corresponding to a minority population of 

aspiny interneurons that was consistent with prior immunohistochemical detection of PV 

in claustrum (Mathur et al. 2009; White et al. 2017, 2018). As such, the combined use of 
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PV-cre/FloxTdTom mice and dye-filled recording pipettes allowed us to distinguish PV- 

and PV+ interneurons given that aspiny claustrum neurons are known interneurons 

(Brand 1981; Braak and Braak 1982). We used the convention of initially denoting PV- 

aspiny interneurons as type III claustrum neurons and denoting PV+ interneurons as at 

least a possible fourth subtype. 

In response to a series of current injection steps, PV- interneurons consistently 

exhibited spike accommodation to positive current steps (Figure 4.3A). However, we 

observed two distinct firing phenotypes of PV+ interneurons in response to a 

depolarizing voltage step. Thus, we defined these neurons as type IV neurons 

characterized by fast-spiking (maximum firing rate > 150 Hz) with minimal spike 

accommodation (Figure 4.3B) and type V neurons characterized by slow-spiking 

(maximum firing rate < 100 Hz; Figure 4.3C) with spike accommodation (Figure 4.3C). 

We also observed that a majority of type V neurons were tonically active (n = 8 of 12; 

Figure 4.3D).  

Examination of the distributions for spike accommodation and maximum firing 

rate for interneurons (Figure 4.3E-4.3F) segregated the PV+ type IV and V neurons. PV+ 

fast-spiking type IV neurons exhibited accommodation index and maximum firing rate 

values outside the range of values for all other aspiny neurons (significantly lower and 

higher, respectively). We also observed that PV+ interneurons had a bimodal distribution 

of resting membrane voltage (single Gaussian R
2
 = 0.5080, two Gaussians R

2
 = 0.9151, 

F[3, 6] = 9.584, P = 0.0105), which segregated type IV neurons with a lower resting 

membrane voltage from type V neurons with a higher resting membrane voltage (Figure  
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Figure 4.3: Membrane properties delineate three aspiny claustrum neuron types. 

(A) Representative traces from a PV-negative (PV-) type III neuron showing responses to 

a series of 500 ms current injection steps. (B) Representative traces from a PV-positive 

(PV+) neuron showing fast-spiking in response to positive current injections, denoted as 

a type IV neuron. (C) Representative traces from a PV+ neuron that did not exhibit fast-

spiking in response to positive current injections, denoted as a type V neuron. (D) 

Representative trace of a PV+ type V neuron that exhibited spontaneous firing of AP in 

the absence of current injection. (E) Histograms showing distributions of AI values for 

aspiny type III neurons (open purple bars) and PV+ neurons (filled blue bars). AI values 

for PV+ type IV and PV+ type V neurons are indicated by shaded blue area and green 

areas, respectively. (F) Histograms showing distributions of maximum firing rates for 

type III and PV+ neurons. (G) Histograms showing distributions of resting membrane 

voltage for type III and PV+ neurons. (H) Histograms showing distributions of 

capacitance for type III and PV+ neurons. (I) Histograms showing distributions of 

membrane resistance for type III and PV+ neurons. (J) Histograms showing distributions 

of AP threshold for type III and PV+ neurons. Horizontal scale bars = 200 ms (A, B, C), 

3 s (D). Vertical scale bars = 30 mV (A [top], B [top], C [top], D), 200 pA (A [bottom], B 

[bottom], C [bottom]). 
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4.3G). Although the distributions of capacitance (single Gaussian R
2
 = 0.8756, two 

Gaussian fit not estimable; Figure 4.3H), membrane resistance (single Gaussian R
2
 = 

0.5422, two Gaussian fit not estimable; Figure 4.3I), and AP threshold (single Gaussian 

R
2
 = 0.7711, two Gaussian fit not estimable; Figure 4.3J) for PV+ neurons appeared 

skewed and/or bimodal, the presence of other PV+ subtypes based on these membrane 

properties was not revealed. The passive and active membrane properties we assessed for 

PV- type III neurons exhibited unimodal distributions: spike accommodation (single 

Gaussian R
2
 = 0.9497, two Gaussian fit not estimable; Figure 4.3E), maximum firing rate 

(single Gaussian R
2
 = 0.9758, two Gaussian fit not estimable; Figure 4.3F), resting 

membrane voltage (single Gaussian R
2
 = 0.7585, two Gaussian fit not estimable; Figure 

4.3G), capacitance (single Gaussian R
2
 = 0.9157, two Gaussians R

2
 = 0.9568, F[3, 5] = 

1.587, P = 0.3036; Figure 4.3H), membrane resistance (single Gaussian R
2
 = 0.9185, two 

Gaussian fit not estimable; Figure 4.3I), and AP threshold (single Gaussian R
2
 = 0.9543, 

two Gaussian fit not estimable; Figure 4.3J). Thus, we did not detect any further subtypes 

of interneurons using these measures. 

 

Comparison of membrane properties of five different claustrum neuron subtypes 

To test the veracity of our neuron classification, we next compared the passive 

and active membrane properties for the five different claustrum neuron subtypes against 

each other. Type II neurons displayed significantly larger capacitance values relative to 

all other neuron subtypes, followed by type I neurons, which had significantly higher 

capacitance than the three aspiny subtypes. We also observed that PV+ type IV neurons 

exhibited lower capacitance than PV- type III neurons (ANOVA, F[4, 526] = 360.8, P < 
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0.0001; Figure 4.4A). With regard to resting membrane voltage, PV+ type V aspiny 

neurons were significantly more depolarized relative to all other neuron subtypes 

(ANOVA, F[4, 192] = 8.392, P < 0.0001; Figure 4.4B). PV+ type V and PV- type III 

aspiny neurons exhibited significantly higher membrane resistance compared to type I 

and II spiny neurons, as well as PV+ type IV aspiny neurons (ANOVA, F[4, 184] = 

19.86, P < 0.0001; Figure 4.4C). The difference in membrane resistance between PV+ 

type IV and V neurons reflects the particularly wide distribution that PV+ neurons 

exhibited for this measure (Figure 4.3I). 

Consistent with their fast-spiking profile, PV+ type IV aspiny neurons displayed 

significantly lower spike accommodation index (ANOVA, F[4, 112] = 10.56, P < 0.0001) 

and higher maximum firing rate (ANOVA, F[4, 112] = 116.8, P < 0.0001) relative to the 

other claustrum neuron subtypes (Figure 4.4D-4.4E). Interestingly, a significantly higher 

proportion of PV+ type IV and V aspiny neurons exhibited spontaneous AP firing 

relative to the other three claustrum neuron subtypes (Χ
2
[4] = 46.14, P < 0.001; Figure 

4.4F). Type IV neurons also demonstrated a significantly hyperpolarized threshold for 

AP generation compared to all other neuron types (ANOVA, F[4, 125] = 2.563, P = 

0.0416; Figure 4.4G). A scatter plot of electrophysiological measures that differentiate 

claustrum neuron types by capacitance, membrane resistance, and firing rate and the 

observed proportion of each neuron type are shown in Figure 4.4H-4.4I. 

 

Burst firing of claustrum projection neurons in response to ACC afferent drive is type-

specific and intrinsic membrane property-mediated 
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Figure 4.4: Comparison of membrane properties of claustrum neuron sub-types. (A) 

Mean capacitance (Cm) varied significantly across claustrum neuron types (one-way 

ANOVA, P < 0.0001). Spiny type II neurons had greater mean capacitance relative to all 

other types, and spiny type I neurons had greater mean capacitance relative to the three 

aspiny types: III, IV and V. PV+ type IV neurons had a smaller capacitance relative to 

type III neurons. (B) Mean resting membrane potential (Vm) varied significantly across 

claustrum neuron types (one-way ANOVA, P < 0.0001). PV+ type V neurons were more 

depolarized relative to all other types. (C) Mean membrane resistance (Rm) varied 

significantly across claustrum neuron types (one-way ANOVA, P < 0.0001). Aspiny PV- 

type III and PV+ type V neurons had greater mean membrane resistance compared to the 

other neuron types. (D) Mean spike accommodation index (AI), varied across neuron 

types (one-way ANOVA, P < 0.0001). AI of PV+ type IV neurons was less than all other 

neuron types. (E) Mean maximum firing rate varied across neuron types (one-way 

ANOVA, P < 0.0001). The firing rate of PV+ type IV neurons was greater than all other 

neuron types. (F) The proportion of PV+ type IV and V neurons that exhibited 

spontaneous firing was greater relative to the other claustrum neuron types. (G) Mean AP 

threshold varied across neuron type (one-way ANOVA, P < 0.05). Relative to spiny types 

I and II, the AP threshold for PV+ type IV neurons was significantly hyperpolarized. (H) 

Scatter plot of capacitance, resting membrane potential, and maximum firing rate of 

claustrum neuron types. These membrane properties most easily delineated the different 

claustrum neuron types. (I) Pie chart showing the relative percentages of each claustrum 

neuron type out of all claustrum neurons recorded. Post-hoc Tukey’s test (A-E, G), * P < 

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Fisher’s exact test (F), *** P < 0.001, 

**** P < 0.0001. 
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Previous work in our laboratory demonstrates that spiny claustrum projection 

neurons exhibit burst firing in response to ACC afferent stimulation (White et al. 2018). 

If this burst firing is a defining feature of all spiny claustrum neurons or specifically 

restricted to type I or II neurons is unclear. Moreover, how burst firing is generated is 

unexplored. In order to address the first issue, we stimulated ACC afferents expressing 

ChR2 (see Figure 4.1A-4.1B) with 470 nm light (Figure 4.5A) while recording from the 

two spiny projection neuron subtypes in normal artificial cerebral spinal fluid (aCSF). In 

response to ACC afferent stimulation, we observed burst firing in a smaller proportion of 

type I neurons compared to type II neurons (Fisher’s exact test, P = 0.0198; Figure 4.5B-

4.5C). As such, the ACC input signal amplified by claustrum, and ultimately destined for 

cortex, is mediated primarily by type II claustrum neurons.  

In order to assess intrinsic burst firing from claustrum projection neurons, we 

delivered a brief depolarizing voltage step without any stimulation of ACC afferents and 

observed burst firing in most neurons (n = 8 of 13). These recordings included both type I 

and II neurons, and the proportion of neurons showing intrinsic burst firing did not differ 

from the total proportion of spiny neurons that burst fired in response to ACC afferent 

stimulation (n = 12 of 20; Fisher’s exact test p = 1.0). In pyramidal neurons, fast 

membrane repolarization mediated by voltage-gated potassium channels optimizes burst 

firing frequency (Brumberg et al. 2000; Gu et al. 2007). To test a similar mechanism, we 

washed on TEA-Cl at a low concentration and examined the inter-spike interval of APs in 

burst-firing spiny neurons before and after TEA-Cl treatment (Figure 4.5D). TEA-Cl 

lengthened the inter-spike interval relative to baseline (paired t test, t[11] = 3.809, P = 

0.0029; Figure 4.5E). To control for effects of time and/or induction of multiple bursts,  



140 

 

Figure 4.5: Spiny type II neurons preferentially burst fire in response to ACC input. 

Burst firing requires calcium and is optimized by voltage-gated potassium channels. 

(A) Experimental schematic showing that ACC afferents in the claustrum expressing 

ChR2 were stimulated optogenetically with 470 nm light while recording responses from 

claustrum spiny type I and II neurons. (B) Representative traces showing single AP 

detonation from a type I neuron and an AP burst from a type II neuron in response to 

ACC afferent stimulation. (C) The proportion of type II neurons that burst fired in 

response to ACC afferent stimulation was greater than that of type I neurons. (D) 

Representative traces from a spiny claustrum neuron that burst fires in response to a brief 

depolarizing current injection (5 ms) in normal aCSF (baseline, black trace) and after 

washing on TEA-Cl (1 mM, red trace). Inset illustrates that the inter-spike interval (ISI) 

became longer with TEA-Cl treatment. (E) TEA-Cl treatment (filled red bar) elicited a 

significantly longer ISI compared to baseline (filled black bar). Washing on normal aCSF 

(open red bar) did not change the ISI relative to baseline. (F) Representative trace from a 

spiny claustrum neuron showing that washing on aCSF without Ca
2+

 (red trace) abolishes 

burst firing present at baseline (black trace, n = 6 of 6). (G) Representative trace showing 

voltage-gated calcium channel (VGCC) current elicited in response to a voltage step (-60 

to -10 mV). (H) The VGCC current magnitude in control conditions was compared to the 

magnitude in the presence of various VGCC blockers including NNC 55-0396 (15 µM), 

blocker VIII (20 µM), nifedipine (20 µM), NiCl2 (50 µM), ω-conotoxin GVIA (1 µM), 

ω-agatoxin IVA (200 nM), and no Ca
2+

. (I) Representative traces of VGCC current 

measured from a type I and a type II spiny claustrum neuron. (J) Capacitance and VGCC 

current magnitude were significantly correlated for spiny claustrum neurons (R
2
 = 0.58, P 

< 0.0001). (K) The distribution for VGCC magnitude was bimodal consistent with lower 

magnitude VGCC currents measured in type I neurons and higher magnitude currents 

measured in type II neurons. Fisher’s exact test, * P < 0.05 (C); paired t test, ** P < 0.01 

(E); unpaired t test, * P < 0.05, *** P < 0.001, **** P < 0.0001 (H). Horizontal scale 

bars = 20 ms (B), 100 ms (D [left]), 20 ms (D [right]), 20 ms (F), 200 ms (G, I). Vertical 

scale bars = 30 mV (B, D, F), 500 pA (G, I). 
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we performed a control wash of normal aCSF in separate cells and found no effect on 

inter-spike interval compared to baseline (paired t test, t[7] = 1.183, P = 0.2755; Figure 

4.5E).  

In pyramidal neurons, burst firing requires Ca
2+

 conductance (Williams and Stuart 

1999). In order to test this requirement, we identified burst-firing claustrum neurons and 

then washed on aCSF without Ca
2+

. In the absence of Ca
2+

, burst firing was abolished 

(Figure 4.5F; n = 6 of 6). To determine the identity of the voltage-gated calcium channels 

(VGCC), we delivered a voltage step (-60 to -10 mV) using an internal pipette solution 

with voltage-gated sodium and potassium channel blockers present to isolate VGCC 

current (Figure 4.5G). We recorded the resulting current magnitude in the presence of 

various VGCC blockers: NNC 55-0396 (T-type), Blocker VIII (L-type, 1.3 specific), 

Nifedipine (L-type), NiCl2 (R- and T-type), ω-conotoxin GVIA (N-type), and ω-agatoxin 

IVA (P/Q-type). We found that the magnitude was less only in the presence of ω-

conotoxin GVIA (unpaired t test, t[50] = 3.589, P = 0.0008) and ω-agatoxin IVA 

(unpaired t test, t[50] = 2.616, P = 0.0117) compared to normal aCSF (Figure 4.5H). 

These results indicate that N- and P/Q-type calcium channels comprise a significant 

proportion of the observed VGCC current. In the absence of Ca
2+

 we detected negligible 

current (unpaired t test, t[50] = 6.503, P < 0.0001), confirming that our measurements 

were in fact VGCC currents (Figure 4.5H). If differences in Ca
2+

 flux explain the 

preferential burst firing of type II neurons in response to ACC afferent stimulation, then 

VGCC current magnitude should dissociate type I and II neurons. We examined VGCC 

current magnitude in both types I and II neurons (Figure 4.5I) and found that capacitance, 

which defines types I and II, was strongly correlated with VGCC current magnitude (R
2
 = 
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0.5836, P < 0001; Figure 4.5J). Additionally, we found that VGCC current magnitude 

exhibited a bimodal distribution (single Gaussian R
2
 = 0.6040, two Gaussians R

2
 = 

0.9444, F[3, 7] = 14.29, P = 0.0023; Figure 4.5K) similar to that observed for capacitance 

(see Figure 4.2A). Parameters from the two Gaussian fit established distributions around 

645 ± 186 pA (mean ± SD) and 1214 ± 109 pA (mean ± SD).  

 

Claustrum projection neurons differentially target cortex 

 Claustrum connections with cortex are notably widespread (Crick and Koch 2005; 

Mathur 2014). As such, we next sought to interrogate whether the two types of claustrum 

projection neurons, which show differential processing of ACC input, show differential 

targeting of cortex. To test this, we injected retrogradely-transported biotinylated dextran 

amine (retro-BDA; 3,000 MW) into different cortical areas along the cortical hierarchy in 

different animals, including primary/secondary visual cortices (V1/V2), parietal 

association cortex (PtA), and ACC (Figure 4.6A). Retrogradely-labeled neurons in 

claustrum were targeted for whole-cell patch clamp electrophysiology (Figure 4.6B) and 

categorized as type I or II neurons based on their capacitance (see Figure 4.2A). We 

found that 75% of claustrum neurons projecting to V1/V2 were type I neurons, whereas 

25% were type II neurons (n = 12; Figure 4.6C). Of the claustrum neurons projecting to 

PtA, 43% were type I and 57% were type II (n = 14; Figure 4.6D). Finally, of the 

claustrum neurons projecting to ACC, only 21% were type I and 79% were type II (n = 

14; Figure 4.6E). The breakdown of type I and II neurons was different between V1/V2 

and ACC (Fisher’s exact test, P = 0.016) but not different between V1/V2 and PtA 

(Fisher’s exact test, P = 0.13) or between PtA and ACC (Fisher’s Exact test, P = 0.42). 
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Figure 4.6: Type I and II claustrum neurons differentially target cortex. (A) 

Experimental schematic showing that retrogradely-transported biotinylated dextran amine 

(retro-BDA; 3,000 MW) was injected into different cortices in different mice. Labeled 

claustrum neurons were classified as type I or II using whole-cell patch clamp 

electrophysiology. (B) Photomicrograph showing a retrogradely-labeled claustrum 

neuron (red) that was targeted for whole-cell patch clamp electrophysiology. The glass 

micropipette is shaded gray. (C) Top: Photomicrograph of retro-BDA injection into 

V1/V2. Bottom: 75% of claustrum neurons projecting to V1/V2 were type I and 25% 

were type II (n = 12). (D) Top: Photomicrograph of retro-BDA injection into PtA. 

Bottom: 43% of claustrum neurons projecting to PtA were type I and 57% were type II (n 

= 14). (E) Top: Photomicrograph of retro-BDA injection into ACC. Bottom: 21% of 

claustrum neurons projecting to ACC were type I and 79% were type II (n = 14). 
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Discussion 

These data support the existence of five neuron types in the claustrum based on 

functional membrane properties. Type I neurons are spiny projection neurons with 

relatively low capacitance and smaller VGCC current amplitude that seldom burst fire in 

response to ACC afferent stimulation. In contrast, type II projection neurons possess 

higher capacitance and larger VGCC current amplitude relative to their type I 

counterparts. In addition, type II neurons exhibit more spike accommodation at the onset 

of a depolarizing current injection relative to type I neurons, and type II neurons burst fire 

readily in response to ACC afferent stimulation. We find that voltage-gated potassium 

channels enhance the burst firing frequency and that burst firing requires Ca
2+,

, which is 

similar to burst firing mechanisms in cortical neurons (Williams and Stuart 1999; 

Brumberg et al. 2000). Moreover, most claustrum neurons projecting to V1/V2 are type I, 

about equal numbers of type I and II project to PtA, and most neurons projecting to ACC 

are type II. We also delineate three interneuron subtypes. In particular, type III neurons 

do not express PV and are not tonically active at rest, nor are these neurons fast-spiking. 

Both type IV and V neurons express PV and are tonically active, but type IV neurons are 

not capable of firing at the same maximum firing rates as their type V counterparts. 

Our approach to visualize the dense ACC terminal field in claustrum to localize 

the structure provides a means to unambiguously distinguish claustrum from surrounding 

insular cortex (White et al. 2017). Further confirming that our electrophysiological 

recordings were not performed in the insular cortex, our claustrum neuron functional 

property data differ in many ways from that of cortical neurons. For instance, spiny 

claustrum neurons have a more depolarized resting membrane potential and AP 
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threshold, as well as a higher membrane resistance compared to cortical pyramidal 

neurons (Yang et al. 1996). Additionally, spiny claustrum neurons exhibit radially-

extending dendrites without a notable apical dendrite as in pyramidal neurons, consistent 

with extant data (Watakabe et al. 2014). 

Our finding that an executive area of cortex, such as ACC, receives more type II 

claustrum neuron input, whereas a primary/secondary area of cortex, such as V1/V2, 

receives more type I input may inform our understanding of claustrum function. For 

instance, ACC excitation of claustrum may elicit a particularly strong excitatory feedback 

response due to the propensity of type II claustrum neurons to burst fire (Kim and 

McCormick 1998; Williams and Stuart 1999). Effects of claustrum on V1/V2 activity 

may be comparatively weaker, and effects on PtA may be intermediate to those on V1/V2 

and ACC. An important consideration for interpreting our results is that type I and II 

neurons may not be evenly distributed across claustrum. For instance, caudal claustrum 

may be composed of more type I neurons and preferentially connect with V1/V2. 

However, this is unlikely because claustrum projections to cortex in rodent show an even 

distribution across the claustrum’s rostrocaudal axis (White et al., 2017). More plausibly, 

type I and II neurons may target different layers of cortex, as claustrum does not 

innervate all cortices in that same fashion (Wang et al. 2017). For example, type I 

neurons may specifically target layer VI and claustrum may preferentially target layer VI 

of V1/V2. However, any innervation differences between type I and II claustrum neurons 

at present is entirely speculative, and more work is needed to resolve these innervation 

differences. Future work is also necessary to identify strategies to specifically manipulate 

type I or II neurons in vivo. Identifying unique protein expression profiles of subclasses 
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of projection neurons, which have been found in cortical neurons based on projection 

targets (Arlotta et al. 2005; Sugino et al. 2006; Watakabe et al. 2012; Sorensen et al. 

2015), is a critical first step in this regard.  

Our data support the existence of three aspiny interneuron subtypes (types III-V) 

in the adult mouse claustrum, which extends the findings of Kim et al. (2016). In 

particular, these authors only reported on PV+ interneurons from juvenile mice from 

C57BL/6 and CD-1 backgrounds (Kim et al. 2016). Gathering genome-wide RNA 

sequencing of individual claustrum neurons and associating these data with 

neurophysiological data will eventually reveal the full panoply of cell diversity in the 

claustrum (Macosko et al. 2015). Such analysis would at least divide type III neurons into 

subclasses based perhaps on calcium binding protein markers, signaling neuropeptides, 

and enzymes including PV, calbindin, calretinin, somatostatin, vasoactive intestinal 

peptide, neuropeptide Y, cholecystokinin, and nitric oxide synthase (Eiden et al. 1990; 

Kowiański et al. 2001, 2003, 2008; Pirone et al. 2014).  

Using basic neurophysiological features that are widely applied in neuroscience to 

define adult claustrum neuronal subtypes provides a critical springboard to launch more 

detailed investigations. Electrophysiological analyses of synaptic plasticity mechanisms 

or changes in intrinsic membrane properties of spiny projection neurons in response to 

experience or drug challenge are now possible. Constructing claustrum microcircuitry 

incorporating all five neuron types will be critical to fully understanding the nature of 

claustrum processing of cortical input. Given the massive projection into the claustrum 

from the ACC and possibly other cingulate cortices (Smith and Alloway 2010; White et 

al. 2017), plastic changes at these synapses onto claustrum neurons may critically shape 
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claustrum responsivity to ACC input. These plastic changes would reflect similar 

phenomena that occur at the corticostriatal synapse in the neighboring dorsal striatum 

(Ellender et al. 2011; Mathur et al. 2011; Mathur and Lovinger 2012; Atwood et al. 

2014). Ultimately, probing plasticity of ACC inputs to claustrum may enhance our 

understanding of top-down cognitive control in health and disease states involving frontal 

executive dysfunction, such as schizophrenia, mood disorders and addiction (Levin 1984; 

Callicott et al. 2000; Marvel and Paradiso 2004; Cho et al. 2006; Crews and Boettiger 

2009; Minzenberg et al. 2009; Goldstein and Volkow 2011).    
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Chapter V – Claustrum output mediates top-down cognitive processing  

 

A. Introduction 

ACC inputs to claustrum encode and are critical for top-down cognitive control  

(White et al. 2018; see Chapter III), but it is yet unclear if claustrum output, known to 

target many cortical areas (Crick and Koch 2005; Mathur 2014; Goll et al. 2015; see 

Chapters I and II), also mediates cognitive control. Novel transgenic tools, such as cre 

recombinase driver lines, now provide genetic access to the claustrum (Wang et al. 2017). 

In particular, the guanine nucleotide binding protein beta 4 cre driver line (GNB4-cre) 

appears to provide claustrum-specific labeling with minimal labeling of surrounding 

structures (Wang et al. 2017). In this study, we validate that this driver line labels both 

types of claustrum projection neuron (see Chapter IV) and use it for monitoring and 

manipulation of claustrum in awake, freely moving mice. In particular, we examine the 

role of the claustrum in various components of the behaviorally-complex five-choice 

response task to test a role in top-down cognitive control. 

 

Materials and methods 

Animals. 34 C57BL/6J wildtype mice of both sexes were used. Mice used for 

electrophysiology were 10-20 weeks of age at the time of experiments and group-housed 

with food and water available ad libitum. In contrast, mice used for behavioral 

experiments were 16-30 weeks of age at the time of experiments. These mice were 

singly-housed, weighed daily, and fed daily to maintain 90% of ad libitum weigh. All 

mice were on a 12h light-dark cycle beginning at 0700 and 5CSRTT experiments were 
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performed during the light cycle. This study was performed in accordance with the 

National Institutes of Health Guide for Care and Use of Laboratory Animals and the 

University of Maryland, School of Medicine, Animal Care and Use Committee. 

 

Viral vectors and stereotaxic procedures.  

For optogenetic inhibition or in vivo fiber photometry monitoring of claustrum 

80-110 nL of AAV vectors expressing loxP-flanked double inverted open reading frames 

(DIO) of halorhodopsin (AAV5-eF1a-DIO-eNPhR3.0-eYFP; University of Pennsylvania 

Vector Core) or GCaMP6f (AAV9-EF1a-DIO-GCaMP6f; University of Pennsylvania 

Vector Core), respectively, were injected bilaterally at two rostrocaudal levels of the 

claustrum (4 injections) in GNB4-cre mice. In control mice and mice used for whole-cell 

electrophysiology, the same approach was used but with a vector expressing eYFP 

(AAV5-eF1a-DIO-eYFP; University of Pennsylvania Vector Core). Relative to bregma, 

claustrum coordinates were 1) anterior-posterior: +1.34 mm, medial-lateral ± 2.3 mm, 

dorsal-ventral (from the brain surface): -2.35 mm; and 2) anterior-posterior: +0.86 mm, 

medial-lateral ± 2.75 mm, dorsal-ventral (from the brain surface): -2.55 mm. Viral 

incubation was no fewer than 3 weeks. 

Mice used for in vivo optogenetics experiments were implanted bilaterally with 

chronic indwelling fiber optic implants into claustrum. Fiber optic implants were custom-

made using high NA (0.66) fiber (Prizmatix Ltd; Giv’at Shmuel, Israel) epoxied into 

ceramic ferrules (ThorLabs Inc; Newton, NJ) and affixed to the skull with dental cement. 

Mice used for in vivo fiber photometry received a unilateral implant into claustrum, 
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which was custom-made from low (0.22) NA fiber and ceramic ferrules (ThorLabs Inc; 

Newton, NJ). Fiber implant placement was confirmed post-hoc using 

immunohistochemistry. The light path angle (θ) was approximated to ensure accurate 

implantation using the known refractive index (n) of cortical tissue
 
(Sun et al., 2012) and 

the respective fiber NA according to the following formula: NA = nsinθ. The distance of 

light penetration was approximated using previous estimates for each type of fiber
 
(Cui et 

al., 2013, Al-Juboori et al., 2013). 

 

Ex vivo brain slice preparation for electrophysiology. Following anesthetization, mice 

were decapitated, the brains were extracted, and 250 μm coronal sections were sliced 

using a vibrating microtome in a high-sucrose artificial cerebrospinal fluid (aCSF). The 

aCSF was ice-cold, carbogen (95% O2, 5% CO2)-bubbled, and consisted of 194 mM 

sucrose, 30 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, 

and 10 mM D-glucose. Sections were incubated after slicing for 30 min at 33°C in 

carbogen-bubbled aCSF (315-320 mOsm) that contained 124 mM NaCl, 4.5 mM KCl, 2 

mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose. 

Sections were incubated at room temperature until use for whole-cell patch-clamp 

recordings, and recordings were performed in the same aCSF formulation used for 

incubation. 

 

Whole-cell current and voltage-clamp recordings. Whole-cell recordings were performed 

at 29°C -31°C using borosilicate glass recording pipettes of 3-7 MΩ resistance. 
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Recording pipettes were filled with a potassium-based solution (290-295 mOsm; pH 7.3) 

composed of 126 mM potassium gluconate, 4 mM KCl, 10 mM HEPES, 4 mM ATP-Mg, 

0.3 mM GTP-Na and 10 mM phosphocreatine. Clampex software (version 10.4; 

Molecular Devices; Sunnyvale, CA) was used for electrophysiological recordings, which 

were filtered at 2 kHz and digitized at 10 kHz. Internal pipette solutions also contained 

hydrazide dye conjugated with AlexaFluor®-488 (40 µM) for visualization of dendritic 

spines. GNB4+ neurons expressing eYFP or halorhodopsin were identified using 

epifluorescence and targeted for recordings. For neurons expressing halorhodopsin, 470 

nm light was delivered with an external LED for 300 ms during a 1 s current injection 

that elicited neuron firing to determine successful inhibition of firing using 470 nm light.  

 

Five-choice serial reaction-time task (5CSRTT). Mice were trained to perform the 

5CSRTT (Muir et al. 1996; Passetti et al. 2002; Dalley et al. 2004; Robinson et al. 2008)
 

in operant chambers (Med Associates; St. Albans, VT) housed within sound-attenuating 

cabinets as previously described (White et al. 2018). Briefly, mice are trained to nose 

poke into one of five pseudo-randomly illuminated apertures (cue). Trials are preceded 

by a 5 s inter-trial interval (ITI) and responses are allowed during the cue and up to 5 s 

after the cue. Correct nose pokes resulted in a sucrose pellet dispensed into a receptacle 

on the wall opposite to the five apertures. A new trial ITI did not begin until 5 s after the 

reinforcement was collected. Nose pokes into the incorrect aperture, no response 

(omission), and nose pokes during the ITI resulted in a 5 s time out period, during which 

the house light was extinguished. Any nose poke during the time out period restarted the 

5 s time out.  
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For optogenetic experiments, 470 nm light was delivered bilaterally during 

experimental sessions using an LED system (Plexon Inc; Dallas, TX); light delivery 

occurred pseudo-randomly on 33% of trials during the ITI period continuously for 1 s 

prior to the onset of the cue. A session ended after 100 trials or 30 min, whichever 

occurred first, and data was averaged across five sessions.  

Mice were habituated, shaped, and trained before experiments as previously 

described (White et al., 2018). Mice were habituated to the operant chamber for two 15 

min sessions with sucrose pellets available in the receptacle. Shaping occurred in two 

phases. First, all apertures were illuminated and any nose poke was reinforced. Apertures 

were initially loaded with sucrose pellets to facilitate initial poking. In the second phase, 

only one aperture was illuminated and only a nose poke into the illuminated aperture was 

reinforced. Mice progressed through each shaping phase after meeting criterion, which 

was defined as 30 correct nose pokes in a 30 min session. No time outs were given during 

shaping. 

Mice were then progressed through two 5CSRTT training phases that were 

identical to the final 5CSRTT except for the cue duration. For the first training phase, the 

cue duration was 10 s and for the second training phase, the cue duration was 5 s. For 

training phases, criterion was defined as 60% accuracy and 30 responses within a session. 

Mice were over-trained on the final task (1 s cue) until choice accuracy reached a stable 

baseline before manipulations. Subsequent to 5CSRTT experimental sessions, mice were 

trained to perform a one-choice modification of the 5CSRTT (1CSRTT). All aspects of 

the task remained the same, except the middle aperture was illuminated and active on 

every trial. Mice were over-trained until performance stabilized before beginning 
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experimental sessions. In 1CSRTT experimental sessions, 470 nm light was delivered as 

described above for the 5CSRTT continuously for 1 s prior to the onset of the cue. 

 

Real-time place preference (RTPP) and open field assay. The RTPP apparatus consisted 

of a two-sided chamber connected with a narrow corridor. The RTPP assay consisted of 

habituation and test sessions. In the habituation session, mice were placed initially in the 

narrow corridor of the chamber and allowed free exploration for 20 min. On the 

following day, mice performed the test session, which paired one side of the chamber 

with 1 s of continuous 470 nm light bouts. These bouts were repeated at most every 20 s, 

whether the mouse remained on the stimulation side or exited and re-entered this side. 

These parameters were chosen to approximate the amount of stimulation that occurred 

during the 5CSRTT sessions. The amount of time spent in each side of the chamber 

during sessions and ambulatory velocity was recorded with EthoVision XT v 11.5 

(Noldus, Wageningen, The Netherlands). The velocity during the 0.5 s of light delivery 

and the subsequent 2 s was compared to the 2.5 s preceding light delivery to determine 

any effect of light delivery on movement. The same apparatus was used as an open field 

to measure calcium-dependent activity of claustrum during movement using in vivo fiber 

photometry.  

 

In vivo fiber photometry. Photometry data from 5CSRTT and open field experiments 

were collected using a customized in vivo fiber photometry system. Two single 

wavelength laser modules were used (Opto Engine LLC; Midvale, Utah), a 473 nm laser 
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for optimal GCamP6f excitation, and a 405 nm laser to excite GCaMP6f at its isosbestic 

wavelength (Kim et al. 2016). As such, emission from 405 nm excitation was used to 

control for image artifacts due to photometry cable motion, background fluorescence, and 

other sources of noise (Kim et al. 2016). The two lasers were multiplexed at 10 Hz, 

resulting in a continuous 20 Hz pulse train. Both laser beams were directed using the two-

bounce method into a dichroic filter cube optimized for 473 and 405 nm excitation, as 

well as for 510 nm emission (Chroma Technology Corporation; Bellow Falls, VT). The 

two excitation wavelengths were focused through a 4X fluorite objective (Olympus; 

Tokyo, Japan) onto a multimode fiber bundle that consisted of seven individual 

multimode fibers. One fiber was connected to the mouse via chronic multimode fiber 

implant, while another fiber was placed inside a tube of AlexaFluor®-488 (40 µM) to 

control for variability in laser energy. Emissions from GCaMP6f and AlexaFluor®-488 

through the multimode fibers were detected as an image of the fiber bundle using the 

ORCA Flash 4.0LT high-resolution CMOS camera (Hamamatsu Photonics KK; 

Hamamatsu City, Japan). Laser multiplexing and image acquisition were synchronized 

using an Arduino Leonardo microcontroller and time-locked to 5CSRTT trials when 

necessary. Camera image acquisition parameters were controlled through the HCImage 

Software for Hamamatsu cameras. 

 

Data analysis and statistics. 5CSRTT photometry data were analyzed using a combination 

of MATLAB (Mathworks; Natick, Massachusetts) and Prism v 6.0.1 (GraphPad 

Software; La Jolla, CA). MATLAB Graphical User Interface (GUI) codes were written 

specifically to process the photometry raw image datasets, each one consisting of up to 
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40,000 images. First, the raw signal from the photometry signal fiber and the fluorophore 

control fiber was extracted by selecting ROIs for both fibers, and then the pixel values 

were averaged across the entire ROI to extract the raw signal from the image. The raw 

signals were then subtracted from a corresponding background signal from the same 

image, which is the baseline transmission of ambient light from a photometry fiber when 

excitation lasers are off. The processed signals were then sorted based on if the image 

was taken during a 473 or 405 nm laser pulse. Further processing required a separate 

MATLAB GUI for linear regression and averaging each individual dataset across all 

trials. First, 473 and 405 nm photometry signals were regressed with the corresponding 

control fluorophore signal, and the residuals of the regression were then used for further 

processing. The 473 nm signal was then regressed with the 405 nm signal as a covariate, 

and the residuals of the regression were extracted as the fully processed photometry 

signal from the claustrum. The processed signal was then sorted based on trial type 

(correct, incorrect or omission), and averaged across trials for each specific trial type, and 

then across all 5CRSTT runs for each animal. Further statistical analysis was performed 

in GraphPAD Prism. All statistics are displayed as mean ± standard error unless 

otherwise noted. 

 

C. Results 

Claustrum is critical for the cognitively-demanding five-choice response task  

To confirm that GNB4-cre labeled neurons reside within claustrum borders, we 

injected a virus expressing eYFP in a cre-dependent manner into the claustrum of GNB4-
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cre mice (Figure 1A). We used parvalbumin (PV) immunostaining to delineate claustrum 

borders (Figure 1B) (Mathur et al. 2009; White et al. 2018) and observed that virus 

expression and PV immunostaining were isomorphic (Figure 1C). We next examined the 

morphological and electrophysiological identity of GNB4+ neurons by performing 

whole-cell recordings from labeled claustrum neurons using recording pipettes filled with 

AlexaFluor®-488. We found that GNB4+ neurons possessed dendritic spines (Figure 

1D), consistent with the known morphology of claustrum glutamatergic spiny projection 

neurons (Braak and Braak 1982; Hur and Zaborszky 2005; Watakabe et al. 2014). Basic 

membrane properties of these neurons are shown in Figure 1E and representative 

responses to current injection steps are shown in Figure 1F. The mean capacitance of 

GNB4+ neurons (127 ± 8 pF; mean ± SEM) was greater than that of type I (115 ± 2 pF; P 

< 0.05, unpaired t test) but less than that of type II neurons (162 ± 3 pF; P < 0.0001, 

unpaired t test), suggesting GNB4+ neurons belong to both subtypes. 

 We next sought to determine if claustrum is critical for the five-choice serial 

reaction time task (5CSRTT). We injected cre-dependent halorhodopsin (AAV-DIO-

eNPhR3.0) or eYFP (AAV-DIO-eYFP) into the claustrum of GNB4-cre mice and 

implanted optical fibers to expose the claustrum to 470 nm light (Figure 2A). We found 

that 470 nm light readily blocks action potential generation in claustrum neurons 

expressing eNPhR3.0 during a depolarizing voltage step (Figure 2A). The claustrum was 

exposed to 470 nm light in AAV-DIO-eNPhR3.0 and AAV-DIO-eYFP mice trained to 

perform the 5CSRTT during the inter-trial interval (ITI) and pseudo-randomly (Figure 

2B). This protocol was derived from our previous work showing ACC input to claustrum 

is critical within 1 s of cue onset (White et al. 2018). On trials paired with 470 nm  
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Figure 5.1: The GNB4-cre transgenic mouse line provides genetic access to 

claustrum projection neurons. (A) Cre-dependent viral expression of eYFP in mouse 

claustrum. (B) Immunostaining of claustrum parvalbumin (PV) expression. (C) Labeling 

of virally-expressed eYFP and immunolabeled PV were isomorphic. (D) Dendritic spines 

were evident upon whole-cell patch clamp records of GNB4-positive claustrum neurons 

using an internal solution including AlexFluor®-488. (E) Left: Mean capacitance from 

labeled neurons was 127 ± 8 (mean ± SEM) pF. Middle: Mean membrane resistance was 

222 ± 34 MΩ. Right: Mean resting membrane potential was -60 ± 2 mV. (F) 

Representative traces from labeled neuron in responsive to current injection steps. 

Horizontal scale bars = 200 µm (A-C), 10 µm (D), 400 ms (F). Vertical scale bars = 30 

mV (F [top]), 200 pA (F [bottom]).  
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stimulation, AAV-DIO-eNPhR3.0 mice were less accurate compared to control trials; 

whereas no difference in accuracy was observed in AAV-DIO-eYFP mice (Figure 2C). 

Inactivation did not change the number of omissions or the response latency on correctly 

performed trials in AAV-DIO-eNPhR3.0 or AAV-DIO-eYFP mice, suggesting no 

changes in the level of motivation or basic motor function (Figure 2D and 2E). To isolate 

the cognitive demand of the 5CSRTT from stimulus-response components of the task, we 

trained mice to perform an assay in which the cue was presented at the same location on 

all trials (1CSRTT) and used the same light delivery parameters. For AAV-DIO-

eNPhR3.0 mice, we found that accuracy deficits on inactivation trials during the 1CSRTT 

were less than those on the 5CSRTT (Figure 2F). For AAV-DIO-eYFP mice, no 

differences in accuracy deficits were observed between the two tasks (Figure 2F).  

To further rule out reinforcing or motor effects elicited by claustrum inactivation, 

we performed a real-time place preference (RTPP) assay. We found that both AAV-DIO-

eNPhR3.0 and AAV-DIO-eYFP mice did not exhibit a preference for either the control 

side of the chamber or the side of the chamber paired with 470 nm light stimulation 

(Figures 2G and 2H). We next examined movement velocity around the onset of light 

exposure to assess effects on movement would directly impact 5CSRTT performance. 

We found no difference in the velocity of AAV-DIO-eNPhR3.0 and AAV-DIO-eYFP 

mice before 470 nm light exposure compared to the 1 s of inactivation + the 1.5 s 

following inactivation (Figure 2I).  

 

 



165 
 

Figure 5.2: Inactivation of claustrum prior to cue presentation selectively disrupts 

response accuracy on the five-choice serial reaction time task (5CSRTT). (A) Left: 

Schematic illustrating that a virus expressing either halorhodopsin or eYFP in a cre-

dependent manner (AAV-DIO-eNPhR3.0 or -eYFP, respectively) was injected bilaterally 

into the claustrum (CL) of GNB4-cre mice. Optical fibers were chronically implanted 

bilaterally in the claustrum. Right: Representative trace from a claustrum neuron 

expressing halorhodopsin (eNPhR3.0) that shows loss of action potential firing in the 

presence of 470 nm light during a depolarizing current injection. (B) Left: Mice were 

trained to perform the 5CSRTT. Right: Experimental schematic illustrating that 470 nm 

light was delivered to the claustrum during the inter-trial interval (ITI) 1 s prior to the 

onset of the cue on 33% of trials. (C) Top: For eNPhR3.0 mice, choice accuracy was 

reduced on trials paired with 470 nm light delivery pre-cue compared to control trials. 

Bottom: No changes in choice accuracy were found on trials paired with light delivery in 

eYFP mice. (D) Top: The omission rate was not different on trials paired with 470 nm 

light delivery compared to control trials for eNPhR3.0 mice. Bottom: Light delivery did 

not alter omission rate in eYFP mice. (E) Top: The latency to correctly respond was not 

different on trials paired with 470 nm light delivery compared to control trials for 

eNPhR3.0 mice. Bottom: Light delivery did not alter latency to correctly respond in 

eYFP mice. (F) Top: For eNPhR3.0 mice, the reduction in choice accuracy on the 

5CSRTT resulting from 470 nm light delivery was significantly larger than the reduction 

during 1CSRTT performance. Bottom: For eYFP mice, there was no difference in the 

change in choice accuracy on the 5CSRTT resulting from 470 nm light delivery 

compared to the change during 1CSRTT performance. (G) Top: Representative heat map 

from a GNB4-cre mouse expressing eNPhR3.0 in claustrum during a real-time place 

preference assay (RTPP). One side of the chamber was paired with 1 s 470 nm light 

delivery to claustrum that cycled at a maximum rate of once every 20 s and the other side 

was not paired with light. Hot colors indicate more time spent in a given location and 

cool colors indicate less time spent in a given location. Bottom: Representative heat map 

from a GNB4-cre mouse expressing eYFP in claustrum during the RTPP assay. (H) Top: 

For eNPhR3.0 mice, no difference was observed in the time spent on the side paired with 

470 nm light compared to the control side. Bottom: For eYFP mice, no difference was 

observed in the time spent on the side paired with 470 nm light delivery to claustrum 

compared to the control side. (I) Top: Movement velocity during the 2.5 s interval prior 

to 470 nm light delivery was compared to velocity during the 1 s of light delivery plus the 

1.5 s interval following the offset of light delivery. For eNPhR3.0 mice, no differences in 

velocity were observed between the two intervals. Bottom: For eYFP mice, no 

differences in velocity were observed between the two intervals. * P < 0.05, ** P < 0.01, 

paired t test. Vertical scale bar = 30 mV. Horizontal scale bar = 500 ms. 
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Claustrum differentially encodes correct performance on the 5CSRTT 

 In order to understand how claustrum encodes 5CSRTT performance, we used a 

custom-made in vivo fiber photometry system to monitor calcium-dependent activity of 

claustrum in GBN4-cre mice injected with a virus expressing GCaMP6f in a cre-

dependent manner (AAV-FLEX-GCaMP6f; Figure 3A). The system and data processing 

were designed to minimize sources of noise, such as fluctuations in excitation laser 

intensity, motion-related artifacts, and bleaching artifacts. Fluctuations in excitation laser 

intensity were controlled for by exciting a stable fluorophore, AlexaFluor®-488 (AF®-

488; Figures 3A-3C). Motion-related artifacts were controlled for by multiplexing 

excitation of claustrum with 405 nm light, the isosbestic wavelength for GCaMP6 (Kim 

et al. 2016), and 473 nm light (Figures 3A and 3B). Regressing out the signals from 405 

nm excitation and AF®-488 excitation attenuated noise (Figures 3D-3F). To control for 

bleaching during 30 min 5CSRTT sessions, signals were examined in 10 trial bins.  

Using this in vivo fiber photometry system, we monitored the calcium-dependent 

activity of claustrum during 5CSRTT and 1CSRTT performance. For the 5CSRTT, we 

found that claustrum activity was elevated on correct and omission trials in the early 

phase of the ITI relative to incorrect trials (P < 0.01, one-way ANOVA; Figure 4A). In 

the late phase of the ITI, there were no differences in claustrum activity among the 

different trial types (Figure 4A). During 1CSRTT performance, claustrum activity was 

not different among any of the trial types at early or late phases of the ITI (Figure 4B). 

We next aligned claustrum activity to correct and incorrect nose pokes during 5CSRTT 

and 1CSRTT performance. Average claustrum activity around the time of nose poke was 

significantly greater for correct nose pokes compared to incorrect nose pokes for the 
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5CSRTT, but not the 1CSRTT (Figures 4C and 4D). To assess if claustrum encodes 

movement, we monitored activity during free movement in an open field (Figure 4E). 

Transient activity did not appear to correspond with movement velocity (Figure 4E), and 

we observed a minimal, negative cross-correlation between activity and movement 

velocity (Figure 4F).    
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Figure 5.3: Custom in vivo fiber photometry system and data processing to 

attenuate noise during 5CSRTT performance. (A) Schematic illustrating the custom in 

vivo fiber photometry system used for monitoring claustrum activity. Two excitation 

lasers, 473 nm (odd numbered signals) and 405 nm (even numbered signals), were 

multiplexed at 10 Hz. The beams were aligned, directed into a dichroic filter cube, and 

passed through a 4X objective into a multi-mode fiber bundle. One fiber was coupled to a 

chronic fiber implanted in the claustrum (signals numbered 1 and 2) of GNB4-cre mice 

injected with a cre-dependent virus expressing GCaMP6f (AAV-FLEX-GCaMP6f; inset). 

A control fiber was placed inside a tube of AlexaFluor®-488 (AF-488) fluorophore 

(signals numbered 3 and 4). GCaMP6f and AF-488 emissions collected by the fiber 

bundle were imaged with a Hamamatsu CMOS camera. The camera captured images at 

20 Hz synchronized to each laser pulse. A fiber uncoupled to a fluorescence source 

(signals numbered 5 and 6) was used to measure background signals and obtain ΔF 

values. (B) Top: Representative image showing the fiber bundle in response to 473 nm 

excitation. Bottom: Representative image showing the fiber bundle in response to 405 nm 

excitation. (C) Top: Representative trace illustrating AF-488 ΔF values in response to 

473 nm excitation (3 – 5). Bottom: Representative trace illustrating AF-488 ΔF values in 

response to 405 nm excitation (4 – 6). (D) Representative traces illustrating GCaMP6f ΔF 

values measured from claustrum with 473 nm excitation (1 – 5) from a bin of 10 

5CSRTT trials that include different trial types. (E) Representative traces illustrating 

autofluorescence ΔF values measured from claustrum with 405 nm excitation (2 – 6). 

Arrow indicates example of a noise signal. (F) Representative traces illustrating denoised 

GCaMP6f signals obtained following regression of the AF-488 signal (C, top) and 

autofluorescence signal (E). Arrows indicate an attenuated noise signal and a true signal. 
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Figure 5.4: Claustrum encodes correct performance on the 5CSRTT but not on the 

1CSRTT. (A) Left: Average calcium-dependent activity of claustrum aligned to 

5CSRTT cue onset is shown for correct (green), incorrect (red), and omission (gray) 

trials. Middle: Early in the ITI (5 to 2.5 s prior to cue onset), claustrum activity was 

greater for correct and omission trials relative to incorrect trials. Right: Late in the ITI 

(2.5 to 0 s prior to cue onset), claustrum activity did not differ across trial types. (B) Left: 

Average claustrum activity aligned to 1CSRTT cue onset is shown for all trial types. 

Middle: Early in the ITI, claustrum activity did not differ across trial types. Right: Late in 

the ITI, claustrum activity did not differ across trial types. (C) Left: Average claustrum 

activity aligned to correct or incorrect nose pokes during 5CSRTT performance is shown. 

Right: Average claustrum activity (1 s prior to 1 s after poke) was greater for correct nose 

pokes compared to incorrect nose pokes. (D) Left: Average claustrum activity aligned to 

correct or incorrect nose pokes during 1CSRTT performance is shown. Right: Average 

claustrum activity did not differ between correct and incorrect nose pokes. (E) Left: 

Cartoon of mouse in an open field. Right: Representative traces of normalized claustrum 

activity (green) and velocity (black) during movement in an open field from GNB4-cre 

mice. (F) Cross-correlation between the photometry signal and movement velocity. ** P 

< 0.01, post-hoc Tukey’s test. 
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D. Discussion 

 Our results indicate that claustrum mediates performance on the cognitively-

demanding 5CSRTT but not on the stimulus-response 1CSRTT or basic motor functions. 

These findings are consistent with proposals and experimental evidence that claustrum 

mediates frontal cortical communication with posterior sensory and association cortices 

for cognitive control (Mathur 2014; White and Mathur 2018; White et al. 2018). 

Assessment of the claustrum’s role in other processes, such as working memory and 

decision making, will be critical to determine if claustrum supports cognitive control in 

general.  

An important consideration for our work is that we examine claustrum activity at 

the population level. Therefore, we cannot dissociate if an activity increase, for example, 

is due to recruitment of more claustrum neurons, an increase in firing of a subset of 

claustrum neurons, or some combination of the two. As such, future studies will be 

critical to understand if subpopulations of claustrum neurons mediate distinct functions 

during the 5CSRTT and other tasks. Functionally distinct subpopulations may explain our 

counter-intuitive finding that claustrum activity on omission trials, as with correct trials, 

is elevated relative to incorrect trials during the 5CSRTT ITI. For instance, one ensemble 

of claustrum neurons may encode engagement with the 5CSRTT while another encodes 

unrelated behaviors performed on omission trials. Projections to retrosplenial cortex 

(RSC), which are numerous (White et al. 2017), may encode such unrelated behaviors as 

RSC encodes disengagement from the external environment in humans (Buckner et al. 

2008) and a homologous functional network including RSC is present in rodents (Lu et 

al. 2012). Alternatively, mice may be engaged in cognitive control on omission trials that 



174 
 

is non-related to 5CSRTT performance, and thus the elevated omission activity may arise 

from the same ensembles of neurons active on correct trials. Assessment of activity of 

claustrum neurons based on projection target will be critical to resolve this issue. 
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Chapter VI – Frontal cortical control of posterior sensory and association cortices 

through the claustrum
1
 

 

A. Introduction 

Top-down executive processing mediates responses to goal-relevant stimuli that 

may otherwise lack intrinsic salience. This control engages frontal cortices, the activity of 

which precedes that of more posterior telencephalic sensory and sensory association 

cortices (Buschman and Miller, 2007; Gregoriou et al., 2009; Miller and Buschman, 

2013). In humans, functional imaging studies reveal the existence of functionally 

connected networks involving frontal and posterior parietal cortical regions during task 

performance (Corbetta and Shulman, 2002; Corbetta et al., 1993; Ungerleider and 

Ungerleider, 2000). Other human studies causally support frontal cortical control of 

posterior cortices, as transcranial magnetic stimulation of frontal cortices in humans leads 

to enhanced activity in posterior cortices and performance enhancements in visual 

attention (Morishima et al., 2009; Ruff et al., 2006). Direct cortico-cortical and cortico-

thalamo-cortical circuits are the canonical pathways proposed to underlie the functional 

linkage of frontal and posterior cortices (Buschman and Kastner, 2015; Miller and 

Buschman, 2013; Saalmann and Kastner, 2011). Thus far, we have support for much of 

our overarching hypothesis that claustrum processes and relays frontal inputs to mediate 

top-down cognitive control. However, it is yet unclear if claustrum functionally links 

frontal and posterior cortices. To test if such top-down circuits exist through claustrum, 

                                                           
1 White, M.G., and Mathur, B.N. Frontal cortical control of posterior sensory and association cortices 

through the claustrum. (2018). Brain Structure and Function doi: 10.1007/s00429-018-1661-x. 
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we performed functional mapping of long-range ACC circuits through the claustrum to 

posterior cortices, specifically ACC → claustrum → visual cortices (V1/V2) and ACC → 

claustrum → parietal association cortex (PtA) in mouse.  

 

B. Materials and Methods 

Animals. 23 C57BL/6J wildtype mice of both sexes were used. Mice were 10-30 weeks 

of age at the time of experiments and group-housed with food and water available ad 

libitum. Mice were on a 12h light-dark cycle beginning at 0700. This study was 

performed in accordance with the National Institutes of Health Guide for Care and Use of 

Laboratory Animals and the University of Maryland, School of Medicine, Animal Care 

and Use Committee. 

 

Neuronal tract tracing, viral vectors, and stereotaxic procedures. For neuronal tract tracer 

and viral injections, mice were anesthetized via inhalation of 3% isoflurane before being 

placed in a stereotaxic frame and anesthesia was maintained with inhalation of 1% 

isoflurane. A small craniotomy was performed over the brain area of interest. For 

anterograde injections, 100 nL of a 15% solution of 10,000 MW biotinylated dextran 

amine (BDA; Thermo Fisher Scientific, Waltham, MA) was pressure injected unilaterally 

into the ACC. For retrograde injections, 100 nL of a 1% solution of cholera toxin B 

subunit conjugated to AlexaFluor®-555 (CTb-555; Thermo Fisher Scientific) was 

pressured injected unilaterally into the cortical area of interest (V1/V2 or PtA). For 

macrocircuit mapping of ACC → claustrum → PtA and ACC → claustrum → V1/V2, 
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150-185 nL of an adeno-associated virus (AAV) vector expressing channelrhodopsin-2 

H134R mutation (ChR2) under the hSyn promoter with an eYFP fluorescent tag (AAV5-

hSyn-ChR2-eYFP; University of Pennsylvania Vector Core) was injected bilaterally at 

two rostrocaudal levels of the ACC (4 total injections). In addition, these mice were also 

injected bilaterally with 125 nL of the retrogradely transported form of BDA conjugated 

with Texas Red® (3,000 MW; Thermo Fisher Scientific) bilaterally into either V1/V2 or 

PtA. For functional mapping of claustrum afferents in PtA, 90-120 nL of the AAV-hSyn-

ChR2-eYFP construct was injected bilaterally at two rostrocaudal levels of the claustrum 

(4 total injections). For retrograde and anterograde tracer experiments, brains were 

sectioned one week after injection. Viral constructs were allowed to incubate for at least 

four weeks to allow adequate expression of ChR2 before mice were used for slice 

electrophysiology.  

Relative to bregma (dorsal-ventral coordinates were all measured from the brain 

surface), the coordinates for ACC viral injections were 1) anterior (A)-posterior (P): 

+1.34 mm, medial (M)-lateral (L): ± 0.3 mm, dorsal (D)-ventral (V): -1.25 mm; and 2) A-

P: +0.74 mm, M-L: ± 0.3 mm, D-V: -1.00 mm. For BDA injections into ACC, a 

coordinate intermediate to these two described for viral injections was chosen. The 

coordinates for V1/V2 injections were A-P: -2.70 mm, M-L: ± 2.05 mm, D-V: -0.40 mm, 

and coordinates for PtA injections were A-P: -1.94 mm, M-L ± 1.40 mm, D-V: -0.40 

mm. The coordinates for claustrum viral injections were 1) anterior-posterior: +1.34 mm, 

medial-lateral ± 2.3 mm, dorsal-ventral (from the brain surface): -2.35 mm; and 2) 

anterior-posterior: +0.86 mm, medial-lateral ± 2.75 mm, dorsal-ventral (from the brain 

surface): -2.55 mm.  
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Histochemistry and immunohistochemistry. Mice were transcardially perfused with room 

temperature 0.1M phosphate-buffered saline (PBS), pH 7.2-7.4, followed by ice-cold 4% 

(weight/volume) paraformaldehyde in PBS. After the brain was extracted, brains were 

post-fixed with 4% paraformaldehyde in PBS overnight at 4°C. Coronal sections were 

sliced using an Integraslice 7550 MM vibrating microtome (Campden Instruments, 

Loughborough, England) at a thickness of 50 μm. Sections were either immediately 

processed or were stored at -20°C in a solution of 30% sucrose and 30% ethylene glycol 

in 0.1M PBS. A conventional protocol was used to visualize anterogradely-transported 

BDA (Mathur and Deutch, 2008), which entailed incubation with streptavidin protein 

conjugated with AlexaFluor®-488 (1:1,000; Jackson ImmunoResearch, West Grove, 

PA). Sections from brains injected with CTb were imaged immediately after extraction 

and sectioning. For post-hoc immunohistochemistry of acute brain slices used in whole-

cell electrophysiology, Brain BLAQ, a specialized protocol to minimize lipid and 

aldehyde auto-fluorescence, was used
 
(Kupferschmidt et al., 2015). A chicken anti-GFP 

(1:2,000; Abcam, Cambridge, UK) antibody was used for ChR2-eYFP 

immunohistochemistry. Secondary anti-chicken antibody conjugated to or AlexaFluor®-

488 or -555 were used at 1:500 dilutions (Jackson ImmunoResearch). For 

immunohistochemistry of PtA sections, streptavidin protein conjugated with 

AlexaFluor®-488 (1:1,000; Jackson ImmunoResearch) was used to identify PtA neurons 

that were recorded. The nuclear stain 4’,6-diamidiono-2-phenylindole (1 µg/ml; Sigma-

Aldrich, St. Louis, MO) was used to delineate cortical layers.  
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Ex vivo brain slice preparation for electrophysiology. Brain slices were prepared 

according to previously established methods (Mathur et al., 2013). Following deep 

anesthetization, mice were decapitated and 250 μm thick coronal sections were made 

using a vibrating microtome in an ice-cold, carbogen (95% O2, 5% CO2)-bubbled, high-

sucrose artificial cerebrospinal fluid (aCSF). This solution consisted of 194 mM sucrose, 

30 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 

mM D-glucose. Subsequently, sections were incubated for 30 min at 33°C in carbogen-

bubbled aCSF (315-320 mOsm) which contained 124 mM NaCl, 4.5 mM KCl, 2 mM 

CaCl2, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, and 10 mM D-glucose. 

Sections were incubated at room temperature until use for whole-cell patch-clamp 

recordings, which were performed in the same aCSF formulation used for incubation. 

 

Whole-cell current and voltage-clamp recordings. Whole-cell recordings were performed 

at 29°C -31°C using borosilicate glass recording pipettes of 3-7 MΩ resistance. 

Recording pipettes were filled with a potassium-based solution (290-295 mOsm; pH 7.3) 

composed of 126 mM potassium gluconate, 4 mM KCl, 10 mM HEPES, 4 mM ATP-Mg, 

0.3 mM GTP-Na and 10 mM phosphocreatine. Claustrum neurons projecting to V1/V2 or 

PtA were targeted for recordings using epifluorescence. For recordings of PtA cortical 

neurons, pipettes were filled with 3-5% neurobiotin to allow for post-hoc identification of 

neuronal sub-type and the layer from which the recording was performed. Clampex 

software (version 10.4; Molecular Devices; Sunnyvale, CA) was used for 

electrophysiological recordings, which were filtered at 2 kHz and digitized at 10 kHz. 

Optogenetic stimulation was delivered with a 470 nm LED to field illuminate the slice. 
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Individual light pulses in the 20 Hz light trains lasted 3-5 ms, and light trains lasted up to 

5 s. Light trains were repeated for 5-10 cycles every 20 s. 

 

Statistical analyses. To assess the transformation that different claustrum neurons 

perform on ACC input, the instantaneous frequency of any action potential bursts was 

averaged with the inter-pulse frequency (e.g. 20 Hz) at every light pulse. This average 

frequency was averaged at each pulse across all neurons that fired any action potential in 

response to ACC stimulation. An exponential function was fit to the average frequency 

over time using GraphPad Prism (version 6.0.1; GraphPad Software; La Jolla, 

California). For responsivity analyses of the various circuits tested, the percentage of 

neurons that did not exhibit excitatory post-synaptic potentials or action potential 

generation, the percentage of neurons that exhibited excitatory post-synaptic potentials 

without action potential generation, and the percentage of neurons that fired action 

potentials were determined. In addition, the percentage of pulses that elicited an action 

potential was calculated over the first 1 or 2 s of the 20 Hz light train for neurons that 

fired action potentials. Each action potential in a burst was counted toward this metric; as 

such, percentages over 100% were possible for this metric.  

 

C. Results 

Claustrum anatomy supports long-range connectivity from ACC to posterior cortices 
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 We first examined whether claustrum contains the necessary circuitry for relaying 

ACC input to posterior cortices responsible for visuo-spatial processing, including 

primary and secondary visual (V1/V2) and parietal association cortex (PtA). This portion 

of parietal cortex, analogous to posterior parietal cortex in the primate, encodes higher 

order functions, such as decision-making and navigation (Harvey et al., 2012; Kolb and 

Walkey, 1987; Torrealba and Valdés, 2008). It is anatomically distinct from neighboring 

somatosensory cortex (Reep et al., 1994). ACC inputs to the claustrum were identified 

using an injection of an anterograde tracer injection into ACC (n = 3), which revealed 

dense terminal labeling in the contralateral claustrum across its rostral-caudal extent 

(Figure 6.1A). In separate mice, we injected a retrograde tract tracer into two areas along 

the visual processing hierarchy: V1/V2 or PtA. Retrograde tracer injection into V1/V2 (n 

= 3) labeled a population of claustrum neurons at each level of ipsilateral claustrum 

across its rostral-caudal axis (Figure 6.1B). Retrograde tracer injection into PtA (n = 3) 

also revealed tracer-filled claustrum projection neurons at all levels of ipsilateral 

claustrum (Figure 6.1C), which were more numerous than projections to V1/V2 (Figure 

6.1B). Dense contralateral inputs to and primarily ipsilateral outputs from claustrum is a 

consistent connectivity pattern in rodent (Mathur, 2014; Smith and Alloway, 2010).  
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Figure 6.1: Claustrum receives dense innervation from anterior cingulate cortex 

(ACC) and projects to visual cortices (V1/V2) and parietal association cortex (PtA). 

(A) Left: photomicrograph showing anterograde neuronal tract tracer biotinylated dextran 

amine (BDA, 10,000 MW; green) injected into ACC. Right: BDA-labeled terminals 

(green) from ACC densely innervated contralateral claustrum at all three rostrocaudal 

levels of claustrum as depicted by the blue boxes in the anatomical cartoons above. (B) 

Left: photomicrograph showing retrograde tract tracer cholera toxin B subunit (CTb; red) 

injected into V1/V2. Right: CTb-labeled cells projecting to V1/V2 were found at all three 

rostrocaudal levels of ipsilateral claustrum. (C) Left: photomicrograph showing CTb 

(red) injected into PtA. Right: a dense population of CTb-labeled cells projecting to PtA 

were found at all three rostrocaudal levels of ipsilateral claustrum. Abbreviations: STR – 

striatum; CL – claustrum; CTX – cortex. Scale bars = 200 µm. 
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Claustrum propagates ACC input to PtA and V1/V2 

Our tracing experiments show that the mouse claustrum receives a dense ACC 

input and that the claustrum projects to V1 and PtA. However, it is unclear if the 

claustrum is functionally capable of propagating information arising from the ACC to 

visual cortices. To test this, we employed a channelrhodopsin-2 (ChR2)-assisted 

macrocircuit mapping strategy where we injected an adeno-associated virus expressing 

ChR2 (AAV-ChR2) into the ACC. This injection resulted in dense labeling of ACC 

afferents in the claustrum expressing fluorescently-labeled ChR2 (Figure 6.2A, 6.2B). In 

the same animals injected with AAV-ChR2 in ACC, we injected a retrograde tract tracer 

(retro-BDA, 3,000 MW) into either V1/V2 or PtA. The retrograde tracer injections 

allowed us to visually identify claustrum neurons projecting to either V1/V2 or PtA 

(Figure 6.2C) and target them for whole-cell patch clamp recordings in acute mouse brain 

slices. To test if these different projection neurons propagated ACC input, we delivered 

470 nm light for 5 s at 20 Hz to activate ACC terminals while recording the retro-BDA-

labeled claustrum neurons in a current clamp configuration. 20 Hz optogenetic activation 

of ACC afferents in the claustrum drove claustrum neurons projecting to V1/V2 and PtA 

to fire action potentials (Figure 6.2D, 6.2E). These neurons also burst-fired in response to 

single 470 nm light pulses early in the 20 Hz train (Figure 6.2F) and exhibited habituation 

as the train progressed (Figure 6.2D, 6.2E). We plotted the instantaneous change in 

neuronal output for each light pulse (Figure 6.2G) and observed that the effective 

claustrum output peaked on the first pulse at 101 Hz and exponentially declined during 

the stimulation. A summary of the responsivity to ACC afferent stimulation of claustrum 

neurons projecting to either V1/V2 or PtA is shown in the first two rows of Table 6.1.  
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Figure 6.2: Claustrum neurons projecting to PtA and V1/V2 receive and transiently 

amplify ACC input. (A) Photomicrograph showing adeno-associated virus expressing 

channelrhodopsin-2 (AAV-ChR2) with eYFP tag injected into ACC. (B) ACC afferents 

expressing ChR2 (green) densely labeled the claustrum. (C) PtA projection neurons in 

claustrum (arrows) were labeled with retrogradely-trafficked BDA (retro-BDA; 3,000 

MW) that was injected into PtA. (D) Left: ChR2-assisted macrocircuit mapping strategy 

entailed optogenetic stimulation of ACC afferents (AAV-ChR2) with 470 nm light (blue 

star) while performing whole-cell recordings from claustrum (CL) projection neurons to 

PtA. Right: representative trace showing a claustrum neuron projecting to PtA that 

initially burst-fired in response to a 5 s train of 20 Hz optogenetic ACC stimulation. 

Firing diminished as the stimulation train progressed. (E) The same macrocircuit 

mapping strategy as in (D) was employed to target claustrum neurons projecting to 

V1/V2 while recording responses to ACC afferent stimulation. Right: representative trace 

showing a claustrum neuron projecting to V1/V2 that initially burst-fired in response to a 

5 s train of 20 Hz ACC stimulation. Firing diminished over time. (F) Representative trace 

showing a V1/V2-projecting neuron firing multiple action potentials in response to single 

pulses of ACC afferent stimulation. (G) Graph showing average output of V1/V2- and 

PtA-projecting claustrum neurons over time in response to a constant ACC input (20 Hz 

for 5 s). Peak average output was at the first light pulse (101 Hz) and exponentially 

decayed over the light train (n = 15; r
2 

= 0.48, p < 0.005). Horizontal scale bars = 200 µm 

(B); 25 µm (C); 2 s (D, E). Vertical scale bars = 30 mV. 
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Claustrum provides brief excitatory drive layer-specifically across PtA 

 Our functional macro-circuit mapping demonstrates that a circuit exists for 

communication from frontal cortices to V1/V2 and PtA through claustrum. Although 

claustrum projection neurons are glutamatergic (Braak and Braak, 1982; Brand, 1981; 

Hur and Zaborszky, 2005; Kim et al., 2016; Watakabe et al., 2014), the downstream 

impact of claustrum activity on cortical layers in rodents is unclear. As such, we injected 

AAV-ChR2 into claustrum (Figure 6.3A) and performed whole-cell recordings across the 

layers of PtA while stimulating claustrum afferents. Our recordings were restricted to PtA 

because of the denser number of claustrum cells projecting to PtA relative to V1/V2 (see 

Figure 6.1). Neurons were filled with neurobiotin to allow for post-hoc discrimination of 

pyramidal neurons from interneurons, and slices were stained post-hoc for ChR2 (Figure 

6.3B, 6.3C). To identify the cortical layers from which neurons were recorded, we used a 

4’,6-diamidine-2’-phenylindole (DAPI) stain. Representative responses from each 

cortical layer are shown in Figure 6.3D and summary data is given in the last four rows of 

Table 6.1. Notably, we detected AP generation in approximately half of all neurons 

recorded, excluding those in layer V, which we identified to be pyramidal in all cases (n 

= 10 of 10). All of the neurons recorded from layers II/III were also all pyramidal (n = 11 

of 11). Neuron sub-types recorded from layers IV and VI were heterogeneous: pyramidal 

neurons (layer IV: n = 1 of 10; layer VI: n = 1 of 14), spiny neurons without any 

detectable apical dendrite (layer IV: n = 5 of 10; layer VI: n = 4 of 14, and aspiny 

neurons (layer IV: n = 4 of 10; layer VI: n = 6 of 14). In layer VI, 3 of 14 neurons 

recorded were unable to be classified. 
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Figure 6.3: Claustrum afferent stimulation drives PtA neuron firing in layers II/III, 

IV, and VI but not V. (A) Photomicrograph showing AAV-ChR2 (red) expression after 

injection into the claustrum. The photomicrograph location is indicated by the red box on 

the cartoon. (B) Photomicrograph showing PtA layer-specific innervation of claustrum 

afferents expressing ChR2 (red box shows PtA inset region). Neurons across PtA layers 

were targeted for whole-cell recordings and filled with neurobiotin (green, arrowheads). 

Cortical layers were delineated by staining with 4’,6-diamidine-2’-phenylindole (DAPI, 

not shown). Innervation of layer V was relatively sparse compared to other cortical 

layers. (C) Inset from (B) showing PtA layer V pyramidal neuron at high magnification. 

(D) Left: schematic showing claustrum innervation of PtA layers. Right: representative 

traces showing responses to optogenetic stimulation of claustrum afferents (20 Hz, 470 

nm light). Action potential firing was noted at initial light pulses across PtA layers except 

for layer V. Horizontal scale bars = 200 µm (A); 400 µm (B); 100 µm (C); 200 ms (D). 

Vertical scale bars = 30 mV. Abbreviations: A/P – anterior/posterior; RSD – retrosplenial 

dysgranular cortex. 
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Circuit % Unresponsive % Subthreshold % Firing 
% AP/Light 

Pulses 
n 

ACC → CL → 

V1/V2 
0 0 100 88.6

†
 9 

ACC → CL → 

PtA 
11.1 22.2 66.7 53.3

†
 9 

CL → PtA 

(II/III) 
54.5 0 45.5 17.2

‡
 11 

CL → PtA (IV) 50 0 50 6.2
‡
 10 

CL → PtA (V) 50 50 0 N/A 10 

CL → PtA (VI) 50 0 50 13.9
‡
 14 

† 
20 Hz for 2 s 

‡ 
20 Hz for 1 s 

   
  

 

Table 6.1: Summary of long-range macrocircuit and CL → PtA circuit mapping. 
For each circuit investigated the percentage of unresponsive neurons (% Unresponsive), 

percentage of neurons exhibiting subthreshold responses (% Subthreshold), percentage of 

neurons that fired an action potential (AP; % Firing), the percentage of light pulses that 

elicited an AP for firing neurons (%AP/Light Pulses), and the number of cells recorded 

(n) is given. For CL → PtA circuits, the layer of PtA is noted in parentheses.  
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D. Discussion 

In this study, we show that the claustrum provides a functional anatomical link 

between frontal cortices, specifically ACC, and posterior sensory/association cortices (i.e. 

V1/V2 and PtA). The intercortical circuit configuration described herein supports a 

model wherein the claustrum processes and propagates top-down signals arising from 

frontal cortices to coordinate cortical activity of hierarchically lower cortices (Mathur, 

2014). In addition, we show that claustrum neurons projecting to V1/V2 and PtA 

transiently amplify a fixed 20 Hz ACC input and that claustrum briefly drives action 

potential generation in neurons residing in layers II/III, IV, and VI of PtA. Further work 

is necessary to determine how both circuit configurations might act in concert to subserve 

cognition.  

A fundamental question regarding claustrum function is how it may be unique 

from that of associative thalamic nuclei or direct cortico-cortical connections. Thalamic 

nuclei allow for communication between cortices (Pinault, 2004; Saalmann and Kastner, 

2011; Sherman and Guillery, 2011), and areas of pulvinar in particular exhibit 

connectivity with both parietal and frontal cortices (Arcaro et al., 2015; Gutierrez et al., 

2000). Additionally, long-range, direct frontal inputs enhance firing of visual cortical 

neurons to their preferred orientation (Zhang et al., 2014). This begs the question of why 

claustra would also exist to link frontal and posterior cortical centers. Direct cortico-

cortical inputs arising from ACC predominantly innervate cortical layers II and III of 

granular cortices (Barbas and Rempel-Clower, 1997)
 
and thalamic nuclei, such as 

pulvinar, primarily innervate layer IV and more superficial layers (Benevento and Rezak, 

1976; Shipp, 2003). In contrast, our findings indicate that claustrum has quite widespread 
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innervation across layers and specifically drives firing of neurons in layers II/III, IV and 

VI of PtA. While both claustrum and associative thalamic structures, such as the pulvinar 

nucleus, innervate the cortex and exhibit transient responses to visual stimuli in monkeys 

(Petersen et al., 1985; Remedios et al., 2010), how these structures innervate and 

influence cortical activity may differ. Our results demonstrate that claustrum transiently 

drives PtA neuron firing, whereas associative thalamic synapses onto cortical neurons 

provides a modulatory input in rodents (Cruikshank et al., 2012; Mease et al., 2016). 

Notably, however, studies examining thalamic afferent drive of specifically parietal 

cortex neurons are lacking. Thus, the claustrum may provide unique processing and 

layer-specific innervation compared to the thalamocortical and cortico-cortical 

connections.  

Taken together, the cortico-claustro-cortical circuitry described herein represents 

a previously unrecognized system in brain positioned to enable spatiotemporal control of 

distributed cortical sites. While further work is needed to fully understand how claustrum 

neurons that are driven by the ACC are, in turn, controlling cortical areas such as PtA and 

V1/V2, the present data provide a novel top-down system that may undergo perturbation 

in neuropsychiatric illness
 
(Cascella et al., 2011; Morys et al., 1996). 
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Chapter VII - Discussion 

  

In this dissertation, we first examine claustrocortical connectivity across the 

cortical hierarchy, motivating the hypothesis that the claustrum processes and relays 

information arising from frontal executive cortices to mediate top-down cognitive control 

of action. The aims of this dissertation are restated below: 

1. Determine a pattern of connectivity between claustrum and cortex using an 

unambiguous definition of claustrum to inform a testable hypothesis 

(Chapter II). 

2. Determine if frontal inputs to the claustrum mediate top-down cognitive 

control of action (Chapter III). 

3. Determine if claustrum output mediates top-down cognitive control of action 

(Chapter V). 

4. Determine claustrum processing mechanisms of frontal inputs (Chapters III 

and IV). 

5. Determine if claustrum macrocircuits support cross-cortical communication 

consistent with top-down cognitive control (Chapter VI). 

Cognitive control, as defined by Braver (2012), is “the ability to regulate, 

coordinate, and sequence thoughts and actions in accordance with internally maintained 

behavioral goals.” Claustrum may mediate cognitive control of action by processing 

incoming information from frontal cortex and propagating it to posterior cortices. Support 

for the overarching hypothesis of this dissertation includes our finding that claustrum 
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projection neurons, such as those projecting to V1/V2 and PtA, burst fire in response to 

optogenetic stimulation of ACC afferents. In contrast, claustrum neurons do not fire in 

response to stimulation of PtA, primary and secondary sensory/motor cortex afferents, 

consistent with a preferential role in top-down function. Importantly, in vivo circuit 

monitoring shows ACC inputs to claustrum and claustrum itself encode accurate 

5CSRTT task performance. Inactivation of ACC input or claustrum prior to cue 

presentation in the 5CSRTT disrupt choice accuracy, indicative of a deficit in top-down 

cognitive control of action. In contrast, input from ACC and claustrum do not appear to 

encode or be critical for basic sensory and motor function or reinforcement. This in vivo 

evidence underscores the behavioral relevance of claustrum for cognitive control. 

Moreover, excitatory claustrum projection neurons, in turn, provide innervation to both 

ACC and PtA that is notably widespread across cortical layers, though absent in layer V 

of PtA. Functionally, claustral afferents can provide strong excitatory drive that elicits 

firing of cortical neurons in the innervated cortical layers. These findings suggest the 

claustrum is a subcortical hub positioned to process and relay ACC input to downstream 

cortices to support top-down cognitive control (Figure 7.1). In this discussion, I briefly 

summarize what is known about frontal cortical control over, and synchrony with, 

posterior cortices in states of cognitive control, including attention, and propose a model 

in which claustrum mediates this synchrony for cognitive control. I then compare this 

model to other proposed mechanisms that mediate cortical synchrony. Finally, I propose 

future experiments to determine a causal relationship between claustrum activity and 

synchrony across cortical areas. 
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Figure 7.1: Claustrum is positioned to receive top-down signals from ACC, amplify, 

and then propagate these signals to PtA and back to ACC. (1) Claustrum receives 

top-down input from ACC, which primarily arises from layer V. (2) A subset of principal 

claustrum projection neurons burst-fire in response to ACC input, resulting in an 

amplified output to cortical structures. GABAergic microcircuits constrain burst-firing 

responses. (3) Claustrum propagates amplified signals to ACC and PtA across cortical 

layers, which is capable of driving AP generation of cortical neurons.  
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A. A model for claustrum in top-down cognitive control  

Overview of top-down circuits and synchrony 

Much of our existing knowledge and models of top-down cognitive control come 

from studies of attention, which is defined as the selective processing of some stimuli 

over others (Desimone and Duncan, 1995). In models of top-down attention, frontal 

cortices are proposed to bias sensory representations in posterior sensory and association 

cortices to exert top-down control (Kastner and Ungerleider, 2000). Causal evidence 

supporting this include a study in humans using transcranial magnetic stimulation, which 

showed that frontal cortical stimulation drive increased activity in posterior cortices and 

larger increases are associated with improved performance on a visual attention task 

(Morishima et al., 2009). In macaques, prefrontal cortex lesions in macaques selectively 

impairs top-down attention, while sparing bottom-up attention processing, i.e. detection 

of a visual “pop-out” (Rossi et al., 2007). In addition, stimulation of frontal eye fields 

enhances responses in V4 (Moore and Armstrong, 2003). In mouse, activation of ACC 

enhances visual cortical responses to visual stimuli (Zhang et al., 2014).  

During states of either top-down or bottom-up attention, synchronous oscillations 

between frontal and posterior cortices are observed in a wide range of frequencies in 

monkeys and humans (Buschman and Miller, 2007; Gregoriou et al., 2009; Phillips and 

Takeda, 2009; von Stein and Sarnthein, 2000). Although the significance of this 

synchrony is not well-understood, synchrony is proposed to reflect optimal 

communication between areas. This model is based on work demonstrating that neurons 

are highly sensitive to synchronized input and responsivity of neurons in a given region 
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depends on the oscillatory phase. Recent work supports the functional significance of 

synchrony, suggesting it is not merely phenomenological, but functional. For instance, 

optogenetic induction of synchrony improved performance on a somatosensory 

discrimination task (Cardin et al., 2009) and disruption of synchrony in frontal cortex 

impairs task performance (Kim et al., 2016). 

During attentional tasks, synchrony between frontal and posterior cortices is 

observed in lower frequency (theta/alpha) and higher frequency (gamma) ranges, which 

may reflect different types of information processing (Buschman and Miller, 2007; 

Canolty and Knight, 2010; Gregoriou et al., 2009; Phillips and Takeda, 2009; von Stein 

and Sarnthein, 2000). Low frequency theta/alpha oscillations characterize top-down 

processing states (von Stein and Sarnthein, 2000) and predict gamma oscillations 

(Canolty and Knight, 2010; Jensen and Colgin, 2007; Schroeder and Lakatos, 2009). 

Thus, long-range coupling in the theta/alpha range may be responsible for 

synchronization in the gamma range. Another feature of top-down cognitive processing is 

that activity in frontal cortices emerges before posterior cortices in macaques (Buschman 

and Miller, 2007; Gregoriou et al., 2009) and in humans (Grent-‘t-Jong and Woldorff, 

2007; Li et al., 2010), suggesting that frontal cortex initiates subsequent synchrony. 

Although this interplay is not well-established in rodents, ACC activity is observed 

before the onset of the cue in the 5CSRTT (Totah et al., 2009), which is consistent with 

the notion that this task requires top-down cognitive control.  
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Claustrum circuits are organized to mediate synchrony characteristic of top-down 

cognitive control 

Our data, taken together with the existing literature on cortical synchrony, support 

a model in which the claustrum mediates synchrony between frontal and posterior 

cortices. Because the claustrum provides common innervation to ACC and PtA neurons 

in layers II/III and VI, the claustrum may promote synchrony in both the gamma and 

alpha range, which in monkeys are considered sources for these oscillations, respectively 

(Buffalo et al., 2011). This model suggests that the cla 

ustrum functions to “keep the lines of communication open” between frontal and 

posterior cortices with the theta/alpha and gamma oscillations being possible lines of 

communication. This function would be most essential under conditions of high cognitive 

demand. Moreover, by virtue of projections to both frontal and posterior cortices, the 

claustrum is configured to provide a common excitatory input to both frontal and 

posterior cortices in response to incoming frontal cortical signals. This is significant 

because computational models demonstrate that a common excitatory input can produce 

zero phase lag synchrony between areas (Uhlhaas et al., 2009), as in attentional states 

(Bressler et al., 1993; Roelfsema et al., 1997), but a direct cortico-cortical connection 

cannot (Uhlhaas et al., 2009). Although the oscillations generated by claustrum are 

unknown, the claustrum possesses the cellular components proposed to underlie gamma 

and theta/alpha oscillations. For instance, PV-positive fast-spiking interneurons (FSIs), 

which we detect in the claustrum, are critical for generation of gamma oscillations 

(Buzsáki and Wang, 2012; Buzsáki et al., 1983). Long-range excitatory inputs, as 

claustrum receives from ACC and in turn sends to many cortical structures, are proposed 
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to underlie theta/alpha oscillations (Buzsáki, 2002; Canolty and Knight, 2010; von Stein 

and Sarnthein, 2000).  

Our finding that an executive area of cortex, such as ACC, receives more type II 

claustrum neuron input, whereas a primary/secondary area of cortex, such as V1/V2, 

receives more type I input may inform our understanding of claustrum function. For 

instance, ACC excitation of claustrum may elicit a particularly strong excitatory feedback 

response due to the propensity of type II claustrum neurons to burst fire (Kim and 

McCormick, 1998; Williams and Stuart, 1999). In contrast, the excitatory impact of 

claustrum on V1/V2 in response to ACC drive may be more modest due to the less 

frequent burst firing of type I neurons. Claustrum effects on PtA may be intermediate to 

those on ACC and V1/V2 given the relatively equal balance of type I and II neurons. In 

this way, the type I and II breakdown may further exacerbate the known connectivity 

disparities: projections from claustrum to ACC are particularly numerous and dense 

relative to PtA and V1/V2 (White et al., 2017). 

An important consideration for interpreting our results is that type I and II 

neurons may target different layers of cortex and not simply different cortical regions 

because claustrum does not innervate all cortices in that same fashion (Wang et al., 

2017). Understanding potential differences in layer innervation will further clarify 

possible functional differences between type I and II neurons. For example, a possible 

configuration is that type I neurons, which do not exhibit burst firing in response to ACC 

input, may specifically target cortico-thalamic projection neurons in layer VI. In contrast, 

type II neurons, which do exhibit burst firing in response to ACC input, may specifically 

target cortico-cortical projection neurons in layers II/III and V. In this way, an ACC 
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signal amplified by claustrum type II neuron burst firing would most heavily impact 

cortico-cortical communication, whereas an ACC signal faithfully relayed by type I 

neurons would most heavily impact cortico-thalamic communication. However, such 

innervation differences between type I and II claustrum neurons at present is entirely 

speculative, and more work is needed to resolve this issue. Regardless of type I and II 

distinctions, claustrum macrocircuitry, in general, is ideally positioned to mediate 

synchronization of cortical areas to mediate top-down cognitive control.  

 

A role for claustrum in bottom-up processing? 

 Although the claustrum appears weakly responsive to cortical input from primary 

and secondary cortices, we have not ruled out other possible sources of bottom-up input. 

The rostral intralaminar nuclei (RIN) of the thalamus may innervate claustrum (Vertes et 

al., 2006, 2012; Van der Werf et al., 2002) and receive input from the superior colliculus, 

brainstem nuclei, such as the reticular formation, and even direct input from the retina in 

the marmoset (Cavalcante et al., 2005). RIN are proposed to mediate general states of 

awareness/vigilance (Saalmann, 2014; Van der Werf et al., 2002) and encode salient 

stimuli across sensory modalities (Schiff, 2008; Wyder et al., 2003). As such, the RIN are 

a strong candidate for a source of bottom-up input to claustrum.  

Interestingly, in the rodent, RIN also innervates layers I, III, and V of ACC and 

the dorsomedial striatum (Van der Werf et al., 2002), suggesting that the RIN is 

positioned to provide a widespread bottom-up input to not only claustrum, but to other 

nuclei important for attention and goal-directed action. The RIN projection to layer I of 
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ACC is particularly dense and optogenetic activation of these axons leads to robust 

responses in layer II/III pyramidal neurons (Cruikshank et al., 2012). In rats, stimulation 

of the RIN leads to evoked potentials in frontal cortex (Kung and Shyu, 2002). Though 

postulated to enhance synchrony of frontal and parietal cortices (Saalmann, 2014), RIN 

inputs to posterior cortices are modest (Van der Werf et al., 2002) and its influence over 

posterior cortical activity is unclear. As such, the claustrum may provide an anatomical 

substrate to synchronize frontal and posterior cortices in response to a salient stimulus 

encoded by RIN (Figure 7.2), thus opening the frontal and posterior cortical “lines of 

communication.”  
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Figure 7.2: Claustrum may receive bottom-up signals from rostral intralaminar 

nuclei of the thalamus (RIN), amplify, and propagate them to ACC and PtA. (1) RIN 

show rapid responses to salient stimuli. (2) As in response to top-down input from ACC 

(see Figure 7.1), claustrum may amplify incoming RIN signals. (3) Claustrum may then 

propagate amplified signals to ACC and PtA (see Figure 7.1). 
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Comparison of claustrum synchrony model with basolateral amygdala synchrony 

 A comparison of our model with models of basolateral amygdala (BLA) is 

warranted because of similar developmental origin (Puelles et al., 2000), neuronal 

morphology (McDonald, 1982; Watakabe et al., 2014), similar burst firing physiology of 

excitatory projection neurons (Paré and Gaudreau, 1996; Paré et al., 1995), lack of 

neuronal firing at rest in vivo (Paré and Gaudreau, 1996), and salience encoding 

(Cunningham and Brosch, 2012; Wilson and Rolls, 1993). Regarding synchrony, 

experimental evidence suggests that BLA and other brain structures, such as rhinal 

cortices (Bauer et al., 2007) and ventral striatum (Popescu et al., 2009), exhibit high 

frequency (gamma) synchrony during learning. Muscimol-induced inactivation of BLA 

reduced ventral striatal gamma power, suggesting a causal role for BLA in generating 

ventral striatal gamma oscillations. In addition, the BLA and frontal cortex show low 

frequency (theta) synchrony during “fear” and “safety” states (Likhtik et al., 2014; 

Stujenske et al., 2014). Interestingly, BLA gamma power is coupled to the theta 

oscillations in frontal cortex during “safety” (Stujenske et al., 2014). These data support a 

model in which, during a particular behavioral state, a low frequency input arising from 

frontal cortex leads to an enhanced high frequency output of BLA (Stujenske et al., 

2014). This model bears resemblance to our proposed model of claustrum function, 

specifically with respect to a low frequency frontal input eliciting a higher frequency 

response. In addition, our model predicts that claustrum would exhibit high frequency 

synchrony coupling with cortical structures during states of top-down cognitive control; 

similar to what is observed between BLA and other structures in states of learning.   
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B. Claustrum functional hypotheses left standing 

The findings in this dissertation appear to contradict many hypotheses regarding 

claustrum function, while some aspects of other hypotheses are supported. The early 

hypothesis proposed by Olson and Graybiel (1980) that claustrum acts as a satellite 

processor for individual cortices is not well-supported by our work. Our finding that 

claustrum processes and relays input from frontal cortices destined for posterior cortices 

is inconsistent with the model that discrete zones of claustrum process input from and 

send output back to a single cortical region. Much of our results also contradict the 

hypothesis put forth by Crick and Koch (2005). The claustrum appears to only weakly 

receive information from various sensory cortices, which does not support the concept 

that the claustrum is critical for binding of sensory information. In addition, if claustrum 

is critical for the formation of conscious percepts, then one would not predict 1CSRTT 

performance would be spared relative to 5CSRTT performance. Although a less complex 

task, consciousness is still necessary to perform the 1CSRTT. Moreover, a lack of 

movement phenotype in response to inactivation of claustrum is not consistent with a loss 

of consciousness that the Crick and Koch (2005) hypothesis predicts. Claustrum structure 

also is inconsistent with a sensory binding function because the claustrum is unlayered 

(Watakabe et al., 2014) and thus likely cannot perform the processing necessary to 

mediate binding as found in the laminae of cortex (Shipp et al., 2009). 

This model of claustrum function, specifically the promotion of cross-cortical 

synchrony, does bear some resemblance to the model proposed by Smythies et al. (2012). 

Smythies et al. (2012) hypothesize that the claustrum integrates oscillations from many 

cortical areas for sensory binding and thus, is at the peak of the processing hierarchy, 
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similar to the Crick and Koch (2005) hypothesis. In contrast, the synchrony model I 

propose depends on frontal input to claustrum for downstream synchrony of posterior 

cortices, positioning the claustrum as a relay nucleus and not at the hierarchical peak. 

Our results do not rule out a role for claustrum in salience detection proposed by 

Remedios et al. (2010). However, the salience detection hypothesis cannot adequately 

explain the top-down function we observe, specifically that claustrum activity before the 

onset of a cue is critical for task performance. In addition, a salience detection model 

would not predict greater deficits on the 5CSRTT relative to the 1CSRTT given that both 

involve responses to a salient cue. The sensory-motor coordination hypothesis put forth 

by Smith and Alloway (2010), though not directly tested, also is not well-supported by 

and cannot explain our results. If claustrum is critical for sensory-motor coordination, 

then one prediction is that claustrum activity would correlate with movement because 

proper movement involves coordination of motor output with somatosensory feedback 

from the limbs. In addition, a correct response on the 5CSRTT and 1CSRTT both require 

a similar degree of coordination of sensory input (visual cue detection) to a motor 

response (nose poke). The task “switching” hypothesis (Reser et al., 2014) was also not 

specifically tested by our work.        

Our data supports some aspects of hypotheses that suggest claustrum mediates 

attention, as the deficits we observe in our functional manipulations are consistent with 

attentional deficits (Goll et al., 2015; Mathur, 2014; Mathur et al., 2009). The present 

hypothesis is partially aligned with Mathur and colleagues (Mathur, 2014; Mathur et al., 

2009) in that Mathur and colleagues position the claustrum as a relay of information 

between frontal executive and posterior sensory cortices for both bottom-up and top-
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down information flow. In contrast, we find that claustrum circuits, at least as they relate 

to cortical interconnectivity, are specifically organized for a top-down flow of 

information. As we did not examine claustrum in selective attention of differing sensory 

modalities or object features, the Goll et al. (2015) model remains untested. However, 

several anatomical features suggest that the claustrum may not enhance object features to 

mediate selective attention based on our work in rodents. Firstly, claustrum projections to 

primary and secondary cortices, where object features are encoded, are fewer relative to 

its projections to association and executive cortices. Secondly, in rodents there is little 

evidence for topography, an organization that would permit access to object features 

within claustrum (ACC inputs and claustrum outputs to a single cortical region span the 

rostrocaudal extent of the claustrum). However, evidence for topography, though loose, 

does exist in cats and primates, suggesting that claustrum anatomy is partially consistent 

with a feature enhancement function in these species. Thirdly, claustrum lacks a clear 

mechanism to inhibit unattended modalities, such as GABAergic projections to primary 

thalamic nuclei found in the TRN, which is discussed in more detail below (Crick, 1984; 

Pinault, 2004; Wimmer et al., 2015). Thus, the current available evidence most strongly 

suggests that claustrum mediates top-down cognitive control.  

 

C. Model comparison with other neural circuits proposed to mediate top-down 

function 

The circuit models aiming to explain cross-cortical synchronization during top-

down cognitive control are direct cortico-cortical connections and long-range cortico-
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thalamo-cortical circuitry (Miller and Buschman, 2013). If claustrum also mediates this 

synchrony, then why would the brain possess several different means for the same end? 

Although redundancy is common in the brain, we propose that each of the circuit 

mechanisms provides distinct effects on cortical processing. These distinct effects may 

occur through different oscillation frequencies, processing mechanisms, and/or layer 

specificity of their connections.  

 

Cortico-cortical circuits 

Direct connections between frontal and posterior cortices exist and are thought to 

underlie cross-cortical coordination (Miller and Buschman, 2013). A general layer-

specific pattern has emerged with respect to cortico-cortical connections. Efferents from 

agranular cortices, such as the anterior cingulate cortex (ACC), arise from layers V and 

VI and target layers I-III of granular cortices, such as parietal cortex. The reverse pattern 

is true for reciprocal connections from granular to agranular cortices (Barbas and 

Rempel-Clower, 1997). It is unclear if cortico-cortical connections drive AP generation 

or only modulate activity. In contrast, we find that claustrum innervation is widespread 

across cortical layers and drives AP generation. To date, strong experimental evidence is 

lacking that specifically implicates cortico-cortical connectivity for cross-cortical 

synchronization in top-down processing. Recent work in the mouse shows that 

stimulation of anterior cingulate cortex (ACC) projections to primary visual cortex (V1) 

alters the responsivity of V1 neurons to visual stimuli (Zhang et al., 2014). However, 

relevance of this modulation for attentional performance is unclear.  
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Cortico-thalamo-cortical circuits 

Because of the connectivity of the thalamus with all areas of cortex, the thalamus 

is well-positioned to synchronize cortical areas and is thought to mediate consciousness 

(Llinás et al., 1998). Synchronous gamma oscillations between thalamus and cortex 

provide circumstantial evidence that thalamus may mediate cortical synchrony (Llinás 

and Paré, 1991). In addition, the thalamus provides a common excitatory input to cortex 

that would support the zero phase lag synchrony that occurs among cortical areas 

(Uhlhaas et al., 2009). In granular cortices, such as visual and parietal cortices, thalamic 

input primarily terminates in layer IV (Benevento and Rezak, 1976; Shipp, 2003), 

whereas in agranular cortices lacking layer IV, such as ACC, thalamic inputs target 

primarily layers II/III (Wang and Shyu, 2004). In turn, cortical inputs to thalamus arise 

primarily from glutamatergic projection neurons in deep layers V and VI, which is 

consistent across granular and agranular cortices (Sherman, 2007; Sherman and Guillery, 

2011; Shibata and Naito, 2005). An interesting distinction between the inputs arising 

from the two layers is that layer V inputs drive thalamic neuron firing and layer VI inputs 

provide weaker, modulatory input to thalamic neurons (Sherman, 2007; Sherman and 

Guillery, 2011). As with cortico-cortical connections, thalamic afferent innervation of 

cortex appears less widespread than that of claustrum and does not drive AP generation 

(Cruikshank et al., 2012; Mease et al., 2016). In addition, thalamic nuclei are generally 

reciprocally connected with a single cortical area and other cortical areas in close 

proximity, so a role for the thalamus in long-range cortical synchrony may be limited. 

Several examples of thalamic nuclei hypothesized to underlie attentional processing are 
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examined in more detail below, specifically regarding possible roles in top-down 

processing. 

 

Pulvinar/lateral posterior thalamus 

The pulvinar is reciprocally connected with posterior cortices implicated in visual 

processing, such as visual and parietal cortices (Saalmann and Kastner, 2011; Sherman 

and Guillery, 2011; Shipp, 2003). The analogous thalamic structure in the rodent, based 

on connectivity patterns, is the lateral posterior (LP) thalamus (Kamishina et al., 2009; 

Reep et al., 1994). In the monkey, regions of pulvinar also possess anatomical substrates 

to connect frontal and parietal cortices (Gutierrez et al., 2000). Thus, anatomical 

substrates for intercortical communication that may promote cross-cortical synchrony 

exist in the pulvinar and LP thalamus. This synchrony may be among neighboring 

cortices in the visual processing stream and between frontal and parietal cortices. 

However, it is unknown if pulvinar mediates any particular directional flow of 

information (e.g. bottom-up or top-down). 

Lesion studies and in vivo single unit recordings support the role of the pulvinar in 

attention. Specifically, pulvinar lesions in humans result in an enhanced sensitivity to 

visual distractors during visual discrimination (Snow et al., 2009), and pharmacological 

inactivation in non-human primates results in impairments in shifts of attention to the 

opposite visual field (Petersen et al., 1987). Additionally, attentional states modulate 

activity of pulvinar neurons (Bender and Youakim, 2001; Petersen et al., 1985). A recent 

study in macaques demonstrated that the pulvinar predicts synchrony of alpha oscillations 
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between interconnected cortices in the visual processing stream (Saalmann et al., 2012). 

However, these recordings only suggest that pulvinar mediates synchrony between 

neighboring cortices in the visual processing stream. Thus, it is yet unclear if the pulvinar 

or LP thalamus promotes synchrony of frontal and posterior cortices. Moreover, it is 

unclear if these structures are implicated in top-down cognitive control.  

 

Mediodorsal thalamus 

Unlike the pulvinar/LP thalamus, the mediodorsal (MD) thalamus is strongly 

connected with frontal cortices. Recent work in rodents demonstrated that MD thalamus 

synchrony with frontal cortex synchrony predicts working memory performance and 

inhibition of MD thalamus reduces task performance, as well as MD-frontral synchrony 

(Parnaudeau et al., 2013). In addition, the MD thalamus sustains the activity of PFC 

neurons during the delay period in a working memory task which mediates successful 

performance of the task (Bolkan et al., 2017). Recent work supports a similar role for the 

MD thalamus in selective attentional processing, as activity of these neurons sustains a 

particular frontal cortical representation during the delay period for an upcoming auditory 

or visual stimulus, but MD activity itself does not encode the stimulus modality. 

Interestingly, optogenetic enhancement of MD activity led to improved interhemispheric 

connectivity of the frontal cortex and improved attentional performance; whereas 

enhanced frontal cortical activity led to impaired performance (Schmitt et al., 2017). 

Therefore, the MD thalamus is critical for maintaining a particular PFC representation, 

but likely not for selecting that representation. MD thalamus, however, does not appear to 
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possess connections with posterior sensory and association cortices. As such, it is unclear 

how MD thalamus might contribute to long-range synchrony.  

 

Thalamic Reticular Nucleus 

Francis Crick (1984) proposed that the thalamic reticular nucleus (TRN) mediates 

the attentional “searchlight.” The TRN receives primarily excitatory input from: 1) 

collaterals of cortical layer VI neurons that project to other thalamic structures and; 2) 

from collaterals of neurons projecting to cortex from other thalamic nuclei. The TRN 

itself possesses primarily GABAergic projection neurons, which target all primary 

thalamic nuclei (Pinault, 2004). Interestingly, the TRN is organized into discrete zones 

that are responsive to different stimuli (e.g. visual, auditory, somatosensory, etc.) but 

TRN neurons within these zones can project to multiple thalamic areas. In this way, a 

TRN zone of a single modality can suppress the output of various thalamic nuclei that are 

each responsive to a unique sensory modality. This anatomical configuration is the basis 

of the proposed “searchlight” function of the TRN, allowing for the selection of specific 

sensory modalities. In contrast, an anatomical substrate for the claustrum to promote 

inhibition of non-attended sensory modalities is unsubstantiated by extant data. For 

instance, claustrum projections are excitatory and a net inhibitory effect would require 

selective innervation of cortical interneurons, which is not supported by our data. 

Additionally, even if claustrum elicits a net inhibitory effect in cortex, discrete zones of 

claustrum project to a single cortical area of a single sensory modality. As such, no 
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mechanism exists for one zone of claustrum to suppress multiple cortices of differing 

modalities as with the TRN.        

Recently, work from Wimmer and colleagues (2015) elaborated on the 

“searchlight” role of the TRN and demonstrated that the TRN is subject to top-down 

control arising from prefrontal cortices. Specifically, they demonstrated that without 

intact PFC function, neurons in the TRN that project to the lateral geniculate nucleus 

(LGN) no longer exhibit an anticipatory increase in firing when cued for an upcoming 

visual stimulus or an anticipatory decrease in firing when cued for an upcoming auditory 

stimulus. However, the lack of direct input to the TRN from frontal cortices suggests that 

an intermediate, possibly cortical, nucleus mediates this effect. Moreover, the TRN, 

unlike claustrum, lacks an anatomical substrate to provide a common excitatory input to 

frontal and posterior cortices. 

 

D. Future Directions 

Testing the role of claustrum in cross-cortical synchrony 

 The recent development of the GNB4-cre mouse line provides a means to assess 

the contribution of claustrum to cross-cortical synchrony during top-down cognitive 

control. A possible future experiment would be to examine the synchrony between frontal 

and posterior cortices, as measured with in vivo electrophysiology, during 5CSRTT 

performance. This synchrony, specifically in alpha and gamma ranges, could then be 

examined with an intact claustrum and following injection of a virus that triggers 

apoptosis in a cre-dependent fashion in GNB4-cre mice in order to ablate the claustrum. I 
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predict that following claustrum ablation, alpha and gamma synchrony between frontal 

and posterior cortices during 5CSRTT performance will be reduced. 

 A complementary question is to understand the oscillations found in claustrum 

during 5CSRTT performance. This could be addressed using an optrode implanted in 

claustrum of GNB4-cre mice so that oscillations in claustrum could be measured from 

neurons optogenetically-tagged to confirm their identity as claustrum neurons. 

Alternatively, new techniques that utilize genetic-encoding of voltage-sensitive dyes and 

fiber photometry to measure oscillatory activity could also be used in GNB4-cre mice to 

measure oscillations. I predict that the claustrum would exhibit enhanced alpha and 

gamma oscillations during 5CSRTT performance, consistent with the enhanced 

synchrony in these frequency ranges between cortical areas during attention. 

 Assuming claustrum is critical for cross-cortical synchrony, it will be important to 

determine the specific claustrum inputs/outputs that mediate this role. To determine if 

top-down inputs to claustrum in particular mediate cross-cortical synchrony, cross-

cortical synchrony would be measured with and without frontal cortical inputs to 

claustrum inactivated optogenetically. If frontal cortical inputs are necessary for 

claustrum to promote cross-cortical synchrony, the change in synchrony resulting from 

inactivation of frontal cortical inputs should mirror the change resulting from inactivation 

of the entire claustrum. Related experiments would be to determine specific 

subpopulations of claustrum projection neurons that promote cross-cortical synchrony. 

For instance, is only output from claustrum to posterior cortices important for cross-

cortical synchrony or are outputs to both posterior cortices and feedback to frontal 

cortices important for cross-cortical synchrony? This question could be answered with 
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combinations of injections of retrogradely-transported viruses expressing an inhibitory 

opsin into frontal and posterior cortices. Cross-cortical synchrony would be measured 

with and without inactivation of one or both subpopulations to understand their role in 

synchrony.       

 

Understanding the function of claustrum in humans 

Regarding potential human studies, as the claustrum is a subcortical structure, 

EEG studies to assess recruitment of claustrum during states of attention which are 

characterized by cross-cortical synchrony are not yet feasible. Moreover, the proximity of 

the claustrum to insula and putamen in humans enhances the difficulty of neuroimaging 

studies designed to associate claustrum activity with attentional processes. Human case 

studies that involve claustrum-specific lesions or manipulations are rare. In one such 

study, researchers electrically stimulated white matter near claustrum in a patient with 

severe epilepsy and observed a loss of consciousness during stimulation (Koubeissi et al., 

2014). However, it is unclear if stimulation was specific to claustrum or involved the 

prominent neighboring white matter tracts.  

Non-invasive higher resolution neuroimaging techniques will be critical study the 

claustrum in a human population. High resolution is necessary to isolate claustrum 

activity from surrounding structures, particularly anterior insula, because many studies 

implicate this region in visual attention tasks (Menon and Uddin, 2010). In addition, 

developing techniques to assay claustrum function in humans will be necessary for 

experiments designed to test claustrum involvement in neuropsychiatric conditions. 
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Dysfunction in frontal cortices is characteristic of many neuropsychiatric pathologies, 

including schizophrenia, mood disorders, and addiction (Callicott et al., 2000; Cho et al., 

2006; Crews and Boettiger, 2009; Goldstein and Volkow, 2011; Levin, 1984; Marvel and 

Paradiso, 2004; Minzenberg et al., 2009). As such, claustrum dysfunction may mediate 

deficits in these conditions. To give an illustrative example, a claustrum-specific deficit 

may explain the impaired coherence between frontal and temporal cortices that occurs in 

schizophrenia patients during speech generation (Ford et al., 2002). This finding is 

consistent with a claustrum deficit because frontal cortex in patients still exhibits an 

enhancement in the power of this oscillation, suggesting a specific deficit in long-range 

synchrony (Ford et al., 2002). However, during cognitive control tasks, specifically 

working memory, schizophrenia patients exhibit reductions in power of frontal 

oscillations (Cho et al., 2006; Haenschel et al., 2009) underscoring the difficulty of 

disentangling potential deficits originating in frontal cortex from those originating in 

claustrum.   
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